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LOLA

Lunar Optical Long-baseline Array

Abstract

The Lunar Optical Long-baseline Array consists of 27 telescopes elements ar-

ranged in a Y-configuration, nine elements per arm. The 2.9 km array arms point north,

southeast, and southwest with 120 ° between each arm, providing a 5 km maximum

baseline and a 220 m minimum baseline. The arrayis designed primarily to operate in the

optical wavelengths, allowing a resolution of 10 .5 arcseconds at a wavelength of 500 nm,

but its full spectral range spans from 200 to 10,000 nm.

The 1.5 m diameter primary mirror and 0.25 m diameter secondary mirror, both

parabolic with a focal number of 2.46, are mounted in a Mersenne configuration. The

optical cylinder is mounted off axis 1.3 m above the lunar surface.

A two-staged coarse and fine beam delay is u_l_7.ed to equalize the optical path

lengths of all 27 beams. Prior to entering the fine delay lines, the beams are compressed

using a Cassegrain system from 25 to 4 cm diameter. The laser metrology system actively

measures the optical path lengths and provides nanometer path length corrections to the

fine delay system. The pointing and control system positions the telescopes to an accuracy

of 10 .6 arcseconds by targeting a guide star near the object to be studied. An achromatic

nuUing system allows direct planet detection in the infrared wavelengths.

Four scientific instruments, contained in a rotating carousel, provide object

resolution and spectroscopic analysis over a spectral range from 150 to 10,000 nm. Afifth

instrument, operating from 1000 nm to 10000nm is provided specifically for the achro-

matic nulling interferometer. The field of view for all instruments ranges from 15

arcseconds down to 10 .6 arcseconds, selected using various focusing apertures. The

instruments, along with the associated data systems, are actively cooled through a thermal

control system. The instrumentation room is shielded from cosmic radiation by a 5 m thick

blanket of lunar regolith.

A satellite orbiting the second libration point of the Earth-Moon system mediates

the data transfer between the lunar base and the Earth-based Deep Space Network. The

communication system operates in the X-band and provides 100 Mbps downlink and 50

Mbps uplink for Earth-Moon communications.

The array will be constructed in two stages, an initial stage of 9 elements and a final

stage of 18 elements. The final array will be powered by three 2.5 kW Dynamic Isotope

Power Systems.

Emplacement of the array on the lunar surface is designed to require minimal

labor, equipment, and costs. The Lunar Optical Long-baseline Array is designed to be fully

operational by the year 2010.
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1.0 Introduction

In the fall of 1992, the design and analysis of a lunar-based optical interferometer

telescope array was initiated by a group of students in the Department of Aerospace

Engineering at Virginia Tech. This project was undertaken at the suggestion of the Space

Exploration Initiative Office at the NASA Langley Research Center.

The original array design requirements, listed below, centered on the primary

objective of resolving Earth-type planets about stars out to a distance of 10 parsecs.

• spectrum coverage spanning wavelengths from 5 nm to 5 mm, with a primary

operating mode in the visible spectrum

• a total collecting area providing a signal-to-noise ratio (SNR) of no less than 1O.0

for a median wavelength of 500 nm

• the individual array elements must be identical and have a maximum optical
diameter of 2.0 m

• lunar site selection is limited to 10 ° north and south of the lunar equator on the

lunar far side while not closer than 15 ° to either near-side limb

Following construction by astronaut crews, array operation will be conducted from

Earth and astronomical observations will not be conducted during the lunar day. The

entire system was to be designed for minimum achievable mass.

The majority of the original design requirements for the telescope array were met.

1.1 Objectives

As stated above, the primary objective of the Lunar Optical Long-baseline Array

(LOLA) is to detect and resolve Earth-sized planets around stars at a distance up to 10

parsecs from Earth. With the LOLA design, the observable spectrum spans 150 to 6000

nm with the visible spectrum from 400 to 700 nm as the region of primary interest. At

completion, LOLA provides a resolution of 10 "_ arcseconds and a SNR of 10.0 at a

wavelength of 1000 nm for long integration times. This resolution is an improvement of

two orders of magnitude over the Hubble Space Telescope.

In addition to the observation of distant planets, LOLA provides a variety of

astronomical opportunities unavailable with current Earth-based or space-based tele-

scopes. This includes the ability to study white dwarf stars, stellar and black hole accretion

disks, and galactic nuclei. Further, LOLA will offer observations of planets and other

bodies within this solar system at a resolution equalling that obtained by the Voyager

spacecrafts.

1.2 Scope

In this report, the design and construction of the lunar interferometer is outlined.

This report focuses on the design of individual telescopes and the optical requirements

necessary for interferometric imaging. Communications, power, thermal, and metrology

requirements were also addressed. In addition, launch manifesting, transportation to the

Moon, lunar site preparation, and array construction were considered. An estimation of

the projected costs for array construction and operation were also investigated. The design

of the telescopes, along with the supporting structures and systems, is driven by two

factors; maximum optical performance and minimum mass.

LOLA- VT Space Design Page 1



1.3 Background
In order to achieve high resolution optical astronomy, large apertures are required.

For a single monolithic telescope system, this translates into a large diameter primary
mirror on the order of 10 meters or greater. Such a design is prohibitive both from a

production and a structural point of view, particularly because of the optical aberrations
produced as the mirror deforms under its own weight. Large diameter segmented mirrors
have been studied and constructed (Ref. 1.3-1) although there are structural drawbacks

to these designs as well.
An alternative to a single mirror telescope is an interferometric array of several

small telescopes. By the process ofinterferometry, the resolution obtained corresponds to

a single telescope having an aperture equal to the maximum spacing between the

telescopes of the array. A more detailed explanation of the underlying principles of

interferometry is provided in a later section of this report. Although the complexities

associated with optical interferometry are significant, the success of radio interferometry

in astronomy (Ref. 1.3-2) has demonstrated the viability of this concept.
Earth-based interferometry has been the subject of considerable study (Ref. 1.3-3)

and currently several systems are in operation (Ref. 1.3-4). To overcome the limitations

imposed by the Earth's atmosphere, both space-based and lunar-based (Ref. 1.3-5,6)
interferometers have been considered. Optical interferometric astronomy requires ex-

tremely high accuracy with optical paths known to nanometer precision. Because of the

rapid thermal cycling and the relatively short observation times associated with orbiting

telescopes, large-scale space-based interferometry is impractical at this time. In contrast,

the lunar surface provides a seismically stable surface and a 14 Earth-day thermal and

observation cycle. These features make the Moon an ideal site for optical interferometric

astronomy.
Several recent studies have examined the feasibility of the design and operation of

a lunar-based optical interferometric array (Ref. 1.3-7). These reports imply that optical

interferometry is possible, but they often do not explore the array design beyond that of the

major component level. It is the intention of this study to provide a more detailed design

down to the subsystem level and to quantify the critical factors which govern all aspects

of the array design.

1.4 Design Approach

The LOLA design was based on the primary objective of detecting and resolving
Earth-size planets at a distance of up to 10 parsecs. This objective determined the size and
number of the individual telescopes. Another factor which strongly affected the array

design was u-v plane coverage. These considerations were addressed through the Y-
configuration array layout and its orientation on the lunar surface, as well as the manner

by which the optical beams are combined and analyzed. Requirements placed on the
precise knowledge of optical path lengths throughout the array drove the evolution of the
array layout and design. Further, launch and construction requirements were considered
in both the array design and the individual telescope design.

For this study, several assumptions were required prior to the detailed design of the
array. Actual site selection requires lunar surface maps with accuracies of at least one

meter. Currently, such maps are not available. Further, surface and subsurface
composition, along with other relevant geological data, are required for each of the
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candidate sites. To transport array materials to the Moon, it was assumed that a heavy

lift launch capacity and an orbital transfer capacity are available. In addition, continuous,

two-way audio, video, and data transmission are necessary between the lunar observatory

and Earth. To provide this capability, it is suggested that a communications satellite be

placed in orbit above the lunar far side. Both the Earth-Moon transportation and the

communications system are discussed in this report. State-of-the-art and near term

technologies were assumed in the design of the array. Additional technological develop-

ments which would significantly reduce the complexity of the array are noted in the report

where applicable.

1.5 Design Summary

At completion, the array will be comprised of 27 individual telescopes, each with a

1.5 meter primary mirror. The array elements are arranged in a north-southwest-

southeast Y-configuration with 120 degrees between each of the three branches (Fig. 1.5-

1). Each of the 2.9 km branches has a unique telescope spacing to provide the maximum

number of unequal baselines between any two telescopes, thus maximizing u-v plane

coverage. In this arrangement, the maximum baseline is approximately 5 km.

Each telescope beam is directed to a delay system and then to the central receiving

facility where a portion of the optical delay lines, the laser metrology system, and the

instrument suite are housed. Data transfer to and from Earth is accomplished through a

satellite orbiting the second libration point above lunar far side. Power is supplied from

three 2.5 kW Dynamic Isotope Power Systems that are located approximately three

kilometers from the central receiving station.

The LOLA design emphasizes flexibility in both the scientific application and

construction of the array. Telescope instrumentation and electronics are designed to be

easily replaced and upgraded, while emerging technologies can be integrated into the

design to increase the performance of the telescope array. In addition, the individual

telescopes are designed to be movable so that periodic positioning can tailor the u-v plane

coverage for observations of particular cosmic phenomena. Construction is planned for

two phases of 9 and 18 telescopes each. This provides a validation phase for a scaled down

system before committing to construction of the full 27 element array. The design of this

facility will enable LOLA to yield an abundance of astronomical discoveries well into the

twenty-first century.
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2.0 Background

2.1 Optical Interferometry Background

In conventional monolithic telescopes, the resolving power is directly related to the

viewed wavelength and inversely related to the aperture diameter through the following

equation:

Angular Resolution = 1.2 wavelength in radians
diameter

The only way to increase the resolution in a conventional telescope is to increase the

mirror diameter. Future astronomical observations will necessitate extending this

angular resolution into the micro- or milliarcsecond range, requiring mirror diameters in

the kilometer range.
Radio astronomers have, for the past several decades, circumvented the problem of

the telescope diameter requirement by using interferometry. This process, known as

aperture synthesis, was developed by Michelson in the 1920's for measuring the diameters

of stars at optical wavelengths (Ref 2.1-1). Figure 2.1-1 shows a simple schematic for an

optical interferometer.

1)The pair (or array) of telescopes receive radiation from a distant source.

2)When the source direction is normal to the baseline, D, the two light beams

constructively interfere. This produces a signal maximum (Fig. 2.1-2a).

3) As the source drifts through the field of view, the source direction shifts an d the path

difference increases. This difference in light wave path length causes a reduction in

the signal due to partial destructive interference. Once a p ath length difference of L/

2 is reached, the received signal is zero (Fig. 2.1-2b).

4)The signal then begins to increase until a path difference of k is achieved and the

signal is again at a maximum (Fig. 2.1-2c).

5)As the source continues to move, the waves alternately come in and out of phase,

producing a series of minima and maxima. A change of ® in the source direction

produces a optical path difference of D*®. The signal alternates from one maxima to

the next when:

D*O = k

Therefore,

® = X/D in radians

Therefore, ® is the width of each lobe of resolution of the interferometer (Fig.

2.1-2d).
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The fringe spacing of this interference pattern is determined by the projected normal

baseline D' and the incoming wavelength. The angular resolution is now a function of the

incoming wavelength and the array baseline.

Resolution = 1.2 wavelength in radians

baseline

To produce the requiredinterference pattern, a time delay must be inserted to retain

the phasing of each array element light beam. Thus, the source spacings in the field of

view, not a source motion, produce the constructive and destructive pattern of interference.

If the time delay is set to match the beam delay perfectly, all the light beams will be in phase

and the central (peak) fringe will have full amplitude. As the phase difference grows;

however, the interference conditions will cause the fringe amplitude to diminish over the

angle ®D- ®D is approximated by 1/(B_B), where B is the bandwidth and _B is the baseline

length measured in light travel time. Therefore, the number of fringes observed is of the
order of the inverse of the fractional bandwidth.

The interferometer output is the convolution of its sinusoidal fringe pattern with the

maximum source brightness B(x,y) where x,y are the angular coordinates on the sky. The

interferometer output is equal to the Fourier transform B(u,v) of the brightness distribu-

tion, where the conjugate coordinates (u,v) are defined by the baseline coordinates on a

plane normal to the source direction and the interferometer baseline, measured in wave

number (Fig. 2.1-1).

The u-v plane image is formed by the interference of the incident light waves of each

baseline telescope pair onto a photo-counting (photon) detector or other comparable

instrumentation. Small separations in the x,y image produce a high spatial frequency and

contribute to the outer radius of the u-v plane image, whereas extended image structure

produces a low spatial frequency and contributes to the inner radius of the u-v plane image.

This u-v image is then returned to an x,y image through the use of an inverse Fourier

transform scheme.

To derive detail about the structure of a source, the fringe visibility must be

measured at many different spacings. By varying the aperture sp acing or providing a large

number of properly configured array telescopes, the elemental sine waves of various

amplitudes and phases can be found.

Signal-to-noise calculations are only approximate, empirical and depend on the

signallevel and the amount of noise. Noise sources include background radiation, zodiacal

temperature, scatter, stray light, and instrumentation errors such as photon shot noise.

However, the quantification of the signal-to-noise ratio (SNR) is directly related to the

square root of the total array collecting area. This is determined by multiplying each

individual array collecting area by the total number of array elements. Since most stellar

objects of interest are not brighter than 12 th magnitude, and most are substantially fainter,

a net collecting area of at least 30 m 2is required to achieve any apparent scientific rewards

(Fig. 2.1-3).
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2.2 Site Selection
A site on the lunar far side will be chosen with sky coverage as the driving factor.

Because of the lunar rotation, the best sky coverage can be achieved at a site near the

equator. The site should be within +/-10 ° of the equator. A second concern is to make

certain that no interference from the Earth reaches the array. Therefore, the site should

not be located too close to the longitudes dividing the far side and the near side. Also,

physical and longitudinal libration allow a maximum of 7o54 ' longitude of the far side to

be exposed to earthshine. A site located at a longitude between 115°-180 ° west longitude

or 115 °. 180 ° east longitude should be permanently out of earthshine and earth interfer-

ence (Fig. 2.2-1).

The actual site will be relatively fiat and free of craters to minimize construction

time. The chosen site also will not be located near any large scarps - cliffs common to the

lunar surface - or mountains that will impede sky coverage.

Stratigraphy and soil property tests will be required at candidate sites to determine

the exact make-up and properties of the soil with which the construction engineers must

contend. The surface regolith itself will be of relatively high density and low compression

index. This allows for soil with an acceptable ground bearing capacity and little

settlement. Bedrock cannot be encountered during excavation and any site that has

bedrock within the first meter of surface will be considered unacceptable.

A maria has the characteristically fiat surface that would be favorable for a site.

Some of the larger marias on the far side that could be potential candidates are marias IX,

XV, and XVIII. However, detailed surveying of the lunar far side, and particularly of the

candidate construction sites, is required before a definite location is selected.
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2.3 Lunar Environment

Scientists have long desired observatories on the moon. Examining a decision

matrix comparing the earth, LEO and the moon (Table 2.3-1) shows that the lunar far side

is the best place, scientifically, to perform astronomical observations.

One advantage of a lunar site is the lack of atmosphere. This allows a complete

viewing spectrum and prevents viewing difficulties. The far side has low background

radiation levels with no reflected or man-made radiation from earth. A low night time

temperature of 100 K reduces infrared spectrum noise and lessens the need for active

component cooling. The slow rotation rate allows 14 earth day integration times. A weaker

gravity field (1/6th of Earth's) allows lighter structural components. The rate and

intensity of natural disturbances (Ref. 2.3-1) are low and man made disturbances are

controllable.

Dangers lie in direct micrometeorite impact on optics and secondary lofting of

regolith. Lofting and impacts obscure, pit and lower surface finish, resulting in data loss.

A detailed study of this potential hazard is contained in Appendix 2.3-1 showing that the

risks are minimal. Shielding further reduces these risks. Regolith is also periodically

disturbed by the terminator static charge effect. Lasting for about an hour as a region

passes from night to day, it levitates particles 3-30 cm above the local horizon (Ref. 2.3-2).

The behavior of the regolith requires optical elements to be 1) at least 0.3 meters above

ground level, 2) protected from dust during manned activity and 3) cleaned periodically.

Significant levels of radiation bombard the lunar surface, causinginstrumentation,

structural integrity and human safety problems. Ranging from 1 MeV to 10GeV, galactic

cosmic radiation (GCR) is the most dangerous. Upon striking matter, GCR slows down

rapidly, but the kinetic energy is transferred into a cascade of other particles known as the

Bremsstrahlung effect. Protection of instrumentation from this phenomena requires

approximately 5 m of lunar regolith (Ref. 2.3-3).

The Sun also emits a primary source of radiation - solar flares. Solar flares occur

in 11 year cycles during which the sun rapidly erupts and emits up to 101° protons per cm 2

with energies from 10 to 30 MeV (Ref. 2.3-4). This radiation can be deadly to unshielded

humans and causes large amounts of noise in data collection.

The moon's changing orientation to the sun causes a diurnal temperature variation

from 100 to 385 K. This places severe thermal strains on structural elements and requires

either shielding or a "cool down" phase for optics before operation can begin in the infrared

spectrum.
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Table 2.3-1: Decision Matrix for Lunar Site

Earth LEO Near Side

Atmosphere
* Meteorites Excel. Fair Poor

* Viewing
Window
UV Poor Excel Excel

Visible Fair 1 Excel Excel

IR Poor Excel Excel

Far Side

Poor

Excel

Excel

Excel

Temperature

* Range Excel Poor Poor

deg K 100 350 250
* Min Poor Good I Excel

deg K 273 0 100

Poor

25O
Excel

100

UV Coverage Good Poor Excel.

time(hr) 12 1.5 336

Excel

336

Stability Sources
* natural Poor Excel Good

* man induced Fair Poor _ Excel

Good

Excel

Radiation
* Galactic Excel Poor Poor

* Solar Flare Excel Poor Poor

* Solar Wind Excel Excel Poor

* From Earth Poor Fair Good

Poor
Poor

Poor

Excel

Gravity Poor Excel Good
vs. earth (1) (0) (1/6)
Radiation Excel Good Fair

Good

(1/6)
Fair

Cost
* Construct Excel Fair Poor

* Maint. Excel N/A Poor

Poor

Poor

Technical Excel Poor Fair

Complexity

Good

Knowledge Excel Good Fair
/ Risk

Poor

Notes:

1due to seeing effects

2 reduced to good due to the short time span at this minimum

3 jitters due to orbit keeping, solar panel snaps, etc.
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3.0 Optics

Energy can be thought of as waves vibrating at a characteristic speed. The level of

energy is characterized by the frequency of vibration or wavelength (Fig. 3.0-1). For this

report, wavelengths less than 400 nm are ultraviolet, between 400 nm to 750 nm, visible

and greater than 750 nm, infrared.

When energy hits a surface it may be reflected, absorbed or transmitted. The

wavelength at which the maximum amount of energy is released for a given temperature

can be determined using Wien's Displacement Law :

_'max = 2890 micrometers K/T

where T = temperature in Kelvin. This law gives the positions of the peak predicted

by Plank's Equation (Fig. 3.0-2) which relates spectral emissivity, temperature and

radiant energy.

As light enters a material it is bent (refracted) according to Shell's law. Refractive

optical elements are highly frequency dependent andlenses can only be successfully made

in sizes approaching 30 cm in diameter.

Also, when light strikes a surface, some portion of it is reflected at an equal and

opposite angle to the normal of the surface. This property has been used by telescope

designers to exceed the 30 cm limit of practical lens size and build solid aperture telescopes

of up to 6 m in diameter. Reflectivity is frequency independent, avoiding the difficulty of

chromatic dispersion

If light travels too far it will begin to loose its definition, phase and coherency. This

maximum length can be determined by:

R = _*d 2 / (4*k)

where R

d=

_=

the maximum length of light travel before degradation

diameter of light beam

wavelength

The driving factor in determining the collecting area of the array is the signal to

noise ratio (SNR) (Appendix 3.0-1). The most demanding task is detection of an Earth-like

planet 10 parsecs away. The array was originally sized to accomplish this with a SNR of

10 at a wavelength of 500 nm using an assumption of 95% efficiency of the collecting area.

Detailed study of surface and reflectance characteristics of the entire system revealed that

expected efficiency was 35% at 1000 nanometers for dielectric silver coated mirrors

(Appendix 3.0-2).

Figure 3.0-3 shows the SNR for 3 targets, an Earth-like planet at 5 parsecs, at 10

parsecs and a Jovian planet at 10 parsecs. Jovian planets are easier to detect because they

are physically larger and reflect light better than Earth type planets. SNRs can be

improved by increasing the integration time. Figure 3.0-4 shows this relationship for 1/

2 day, 3 day and 9 day viewing of an earth like target 10 parsecs away. Clearly, longer

integration times can greatly improve SN ratios.

Several factors that influence the estimates of signal to noise were not considered

in the above calculations. First, the temperature of the optical elements can generate noise

dependent on Plank's equation. This danger was eliminated by ensuring that all optical
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elements would be cooled to at least 70 deg K during operation. Surface finish and

scattering also can play major roles in noise generation and were reduced by the surface

finish requirement of _100.

3.1 Array Geometry / U-V Plane Coverage

The required image complexity and resolution of the stated application presupposes

adequate u-v coverage. The main coverage drivers of u-v plane sampling are the total

number of baselines and the array configuration.

The array will be set up in two stages, the initial and final configurations. The initial

stage will consist of 9 array elements with a total of 36 baselines. The final stage will

consist of 27 array elements with a total of 351 baselines.

# of baselines = (n)(n- 1)/2

where n is the total number of array elements.

A well-sampled visibility function is critical for producing accurate, reliable bright-

ness distributions. The general requirements for desirable u-v sampling are:

1) a roughly circular region of coverage

2) a tapered sampling density from the center to the edge

3) minimal deviations for observations at accessible declinations (Ref. 3.1-1)

3.1.1 'Y' versus Circular Configuration

The two array configurations studiedin depth were the _Y' and the circular. Though

a circular array gives a circular region of coverage and minimal deviations for observation

at accessible declinations, there are a number of intrinsic problems associated with the

configuration. In most practical circular configurations, the number of baseline lengths

peaks sharply at long baselines (Fig. 3.1-1), creating weak u-v coverage at smaller spatial

scales. This effect is particularly pronounced at 40 and 60 degrees declination where

significant holes exist in the center of the coverage (Fig. 3.1-1). The effect of such central

holes on the fringe pattern is to increase the strength of the sidelobes (Ref. 3.1-1). The high

intensity sidelobes of the system's solar body already mask any nearby objects; thus, any

increase in the solar sidelobe intensity will likely make planetary detection impossible.

The appearance of poor taper ratio characteristics is most pronounced in uniformly spaced

arrays, though appears to a lesser extent in most circular configurations. This causes the

taper ratio of a circular array to be extremely sensitive to the placement of each individual

array element.

Other problems with the circular array stem from the required radial optical feed

(a non-radial optics feed requires very complex delay line schemes with large numbers of

optical reflections, reducing the SNR drastically from optical losses) and include difficult

image rotation and signal polarization maintenance (Ref 3.1-2). Economic and practical

considerations strongly favor some linear arrangement, simplifying the layout of the

power and signal cables and requiring the site-preparation of land only in narrow

corridors (Ref 3.1-3). Lastly, to get adequate u-v plane coverage, a circular array must

employ maximum non-redundant spacing. With maximum non-redundant spacing (i.e.,

no redundant or near redundant baselines), it is currently impossible to recover any phase

sampling information at optical wavelengths. Therefore, a phaseless reconstruction
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algorithm, which lowers the dynamic range, must be employed (Reference Appendix 3.9-

1). Since the primary goal of the lunar based interferometer is to detect and resolve

planetary object at a 10 parsecs distance, the circular array is considered a poor choice.

The _(' configuration is by far the most practical and popular configuration;

employed extensively throughout the astronomical community. The _Y' array configura-

tion meets all the requirements for acceptable u-v coverage, as well as providing additional

advantages over other array configurations, including the circle.

They are as follows:

1) provides a roughly circular region of coverage

2) provides a tapered sampling density from the center to the edge

3) provides minimal deviations for observations at accessible declinations

4) provides superior rotation synthesis (Ref. 3.1-1)

5) easy to maintain image rotation

6) easy to maintain signal polarization

7) simple to expand in the future by adding additional elements along the arms

8) future 1-D mobility along arms a strong possibility

9) most Fourier schemes currently developed apply to

the 'Y' configuration (Ref. 3.1-2)

10) economic and practical considerations strongly favor

a linear array arrangement to simplify the power and

signal cabling, and require site-preparation in

narrow corridors only (Ref. 3.1-3)

Also, a'Y' configuration allows the interferometer to be constructed in two stages while

providing invaluable scientific data during the initial stage. Finally, because of the q_inear'

design, the array can be periodically re-configured by moving one or more of the individual

array elements along the arms, producing alternate u-v plane coverage. Table 3.1-1

provides a summary of the comparison between the _' and the circular array.

3.1.2 'Y' Trade Studies
In order to determine the final array element spacings, a u-v plane coverage code

was modified from an S-code produced for Lockheed Engineering and Management

Services Company.

Appendix 3.1-1 shows the u-v code computations. These computations were made

assuming purely polar lunar rotation; however, the moon axis of rotation actually has a

18 degree tilt and a slight wobble. The tilt and wobble will actually increase the u-v

synthesis of the inte_erometer, improving the coverage circularity of the _I' type array and

degrading the coverage circulariW of the circular array. Appendix 3.1-2 shows the

modified BASIC code and the original S-code is shown in Appendix 3.1-3. Figure 3.1-2

shows two VLA plots produced by the S-code (Ref. 3.1-1) accompanied two VLA plots made

by the BASIC code for code validation. The u-v coverage maps were made assuming an

array location of-20 ° latitude and a synthesis of +/- 6 hours of right ascension coverage,

requiring one half of a lunar day. Figure 3.1-3 shows four representative VLA plots (Ref.

3.1-3) accompanied four VLA plots made by the BASIC code for code validation. The u-v

coverage maps were made assuming a array location of 34 degrees latitude and a variety

of integration times for right ascension coverage.

The basic _ configuration will consist of three array arms, 120 ° apart. One array

arm will point due north, one will point south-east and one will point south-west. This
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Table 3.1-1: Summary of'Y' vs. Circular Array

PARAMETER

Roughly
Circular

Coverage

Tapered

Sampling
Density

Minimal
Declination
Deviation

Good
Rotation

Synthesis

Simple
Delay Line
Scheme

Image
Rotation

Signal
Polarization

Image
Reconstruction

Staged
Construction

Future

Expansion

Re-Configuration

Future 1-D

Mobility

,y,

YES

YES

YES

YES

YES - DUE TO
ONE DIMENSIONALITY

OFARRAY

EASY TO MAINTAIN
DUE TO I-D ARMS

EASYTO MAINTAIN
DUE TO 1-D ARMS

PRACTICAL

PRACTICAL
AND INFORMATIVE

SIMPLE TO ADD
ELEMENTSALONG

1-D ARMS WITHOUT
DRASTIC DELAY LINE
RE-CONFIGURATION

ELEMENTS EASILY
MOVED WITHOUT

DELAY LINE CHANGES

CIRCLE

YES

NO- PROMOTES

SIDELOBE GROWTH

YES

YES

YES - FOR RADIAL FEED

NO- FOR NON-RADIAL

FEED (PROMOTES SNR
DEGRADATION)

DIFFICULT TO MAINTAIN
WITH RADIAL OPTICAL FEED

DIFFICULT TO MAINTAIN
WITH RADIAL OPTICAL FEED

NOT PRACTICAL - PHASELESS

RECONSTRUCTION REQUIRED

IN MAX. NON-REDUNDANT ARRAY

SIMPLE TO MOVE
ELEMENTSALONG

1-D ARMS WITHOUT
DRASTIC DELAY LINE
RE-CONFIGURATION

NOT PRACTICAL

DIFFICULT TO EXPAND
DUE TO RADIAL
CONSTRUCTION

DUE TO DELAY LINE
COMPLEXITY

NOT PRACTICAL

DIFFICULT TO MOVE
DUE TO RADIAL
CONSTRUCTION
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orientation will allow maximum exploitation of the moon's rotation, termed rotation

synthesis - required for imaging of complex objects. However, it should be mentioned that

because of the moon's slow rotation rate, rotation synthesis is extremely limited for rapidly

changing objects (Ref. 3.1-2).

Four spirals of varying tightness were overlaid on the inverted _Y' configuration and

the intersection points became the array element positions. The longest array arm will

point to the southeast, allowing for maximum exploitation of the lunar rotation for the

longest baseline. The spiral-like spacing was used to produce baseline non-redundancy

(while still retaining some near redundant baselines currently required to retrieve optical

phase information) and create the required baseline length taper (Ref. 3.1-1). The power

law design adopted as the VLA nominal spacings (Ref. 3.1-3) was used for the fifth test

configuration as a control.

The equations for the five test configurations are given below, Figures 3.1-4 through

3.1-8 show plots of the representative configurations.

SPIRAL CONFIGURATIONS

x---r'cos(®)
y--r'sin(®)
E=2900*x meters

N=2900*y meters

Note: these equations produce a maximum array arm of

2900 meters.

CONFIG #1 r=®/x/17.83333

CONFIG #2 r=O^(1/1.5)/x/4.66056311

CONFIG #3 r=O ^ (1/1.7)/_/3.398681

CONFIG #4 r=®A(1/2)/x/2.3825462

VLA CONFIGURATION

Distance along the arm = n"

where a = 1.716

and n is the array element number along the arm

3.1.3 Conclusions and Recommendations

All five configurations displayed excellent u-v plane coverage throughout a range of

declinations, with no appreciable difference between the coverages. Figures 3.1-9 and 3.1-

10 show the u-v coverage maps for all five array configurations at 30 ° and 45 ° target source

declinations. The u-v coverage maps were constructed assuming an equatorial array

location and alunar rotation synthesis of+5.93 and-5.57 hours of right ascension coverage

corresponding to the maximum array viewing angle. The maximum array viewing angle

assumes an array cool-down period of 30 Earth days and a minimum viewing angle of

approximately 5 ° above the lunar horizon. Due to BASIC resolution restrictions, only the

initial 9 elements (corresponding to the initial stage of array development) of each array

configuration were used in the coverage comparisons. This provides maps representative

of full configuration coverage while allowing coverage differences to be easily distin-

guished and studied. It should be noted that the maximum baselines for the initial stage

of array construction vary between configurations. Since the shape and distribution, not
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Figure 3.1-5: Configuration #2 (a) Physical layout, (b) Baseline histogram
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Figure 3.1-6: Configuration #3 (a) Physical layout, (b) Baseline histogram
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Figure 3.1-8: Configuration #5 (a) Physical layout, (b) Baseline histogram

the size, of the coverage is to be comp ared, the coverage maps of the first four configurations

were not scaled to equate maximum baselines. The VLA control configuration (configu-

ration #5) was scaled by a factor of 32.5 due to the small maximum baseline length.

It is apparent that configurations #2 and #3 provide the most uniform and efficient

coverages of the u-v plane. Configurations #1 and #5 show poor coverage about the outer

edge of the plane, while configuration #4 demonstrates weak central and mid-range

coverage. By studying the histograms of all five configurations (Figs. 3.1-4 through 3.1-

8), it is apparent that configuration #2 provides excellent spatial taper (Appendix 3.1-3).

Therefore, configuration #2 is the recommended array configuration. The final spacings

for the array are provided in Table 3.1-2. U-V coverage maps for a larger range of

declinations are provided for the recommended configuration (Fig. 3.1-11).
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Figure 3.1-10: U-V Coverage at 45°Target Declination with 9 Array Elements. (a) Configuration #1. (b)
Configuration #2. (c) Configuration #3. (d) Configuation #4. (e) Configuration #5.
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Table 3.1-2: Configuration #2. Array Element Spacings East and
North of Array Center

1

2

3

4

5

6

7

8

9

NORTH

ARM

(meters)

E N

0.0 267.6

0.0 782.6

0.0 1158.0

0.0 1479.7

0.0 1769.5

0.0 2037.2

0.0 2288.4

0.0 2526.3

0.0 2753.6

SOUTH WEST
ARM

(meters)

E N

- 407.8 - 235.4

- 793.4 - 458.1

-1099.6 - 634.9

-1367.7 - 789.6

-1611.6

-1838.2

-2051.6

-2254.4

-2448.5

- 930.4

-1061.3

-1184.5

-1301.6

-1413.6

NORTH EAST
ARM

(meters)

E N

551.4 - 318.2

901.2 - 520.3

1192.3 - 688.4

1451.2 - 837.9

1688.8 - 975.0

1910.6 -1103.1

2120.3 -1224.1

2320.0 -1339.5

2511.5 -1450.0 i
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3.2 Telescope Optics

3.2.1 Light Collection
Examination of the SNR requirements reveals that approximately 48 square

meters of collecting area are required after secondary mirror blockage effects are consid-
ered. This can be accomplished with sixteen 2.0 m diameter mirrors, sixty 1.0 m mirrors,

etc. The factors effecting this choice included u-v plane coverage, the number of elements,

reliability/survivability, cost, etc.
The Y-array style (Sect. 3.1) needs many telescopes to insure good u-v plane

coverage. Analysis showed that twenty seven, 1.5 meter diameter elements would provide

the needed u-v coverage and collecting area at an acceptable cost in delay lines and

complexity.
Another constraint was provided by the Rayleigh length and its three variables:

wavelength, beam diameter and travel length. The worst case wavelength is 10,000 nm,

and the longest travel length is 9100 meters. This requires a beam width of 34 cm. Due
to structural constraints, this beam width was restricted to 25 cm which gives the Rayleigh

length limit at 5394 nm. The quality of the received signal begins to drop off gradually for

longer wavelengths.
Two systems were studied for collecting light: siderostats and telescopes. Sid-

erostats consist of 2 large flat mirrors that collect the incoming light. The light is then

usually compressed and collimated with a Cassegrain focusing system. Siderostats also

have a variable collecting area dependent on the target declination. Siderostat complexity

arises from larger mirror sizes requiring bulkier, heavier motor systems. Mass comes from

the primary focusing mirror being rigidly mounted, involving stiff (i.e. higher mass)
structures to reduce vibration and jitter. The only benefit to a siderostat is a centrallayout

and easy control of the focusing system for less baseline instability in the Cassegrain

compressors. Because this advantage (one of the few), a more accurate baseline, is not a

stringent requirement of an interferometer not performing astrometric measurements,

the more elegant system, telescopes, were chosen.
Due to the need to keep the light at 25 cm and the desire not to focus the light before

it reached the instrumentation plane (see Sect. 3.4), a modified Mersenne afocal system

was chosen. Several methods of directing light out of the structure with the aim of using

the least number of bounces possible were developed and a 3 bounce system was chosen.

A Mersenne afocal system can be designed so that there is no spherical aberration,

coma and stigmatism by making both mirror surfaces Cartesian (App 3.2-1).. Structural

requirements made it necessary to have the secondary mirror plane at the same height or

lower than the pupil plane entrance. This requirement made it impossible to reduce the

remaining field curvature and distortion to zero. Appendix 3.2-1 shows these equations

in detail.

With a primary aperture of 1.5 meters, a secondary mirror size of 25 cm due to

Rayleigh length considerations and a pupil plane height of 3.3 meters, the primary mirror

(#1) has a focal length of 3.692 meters (Fig 3.2-1). This gives it a fast F# of 2.46 and a

compression ratio of 6:1. The equation of the parabolic mirror shape is given by:
H 2 = 14.678"z Eq. 3.2-1

where H 2 = x2 + y2
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Figure 3.2-1: Primary and Secondary Mirror System
z = distance along primary mirror axis

x = planar direction at right angle to z

y = planar direction at right angle to x and z

The secondary mirror (#2) takes the converging beam from the primary mirror and

converts it to a nearly planar wave 0.25 meters in diameter. The mirror is centered 3.3

meters above the primary mirror and has a parabolic shape H 2 = 1.968"z following the

same conventions of Eq. 3.2-1. The mirror itself is 25 cm in diameter and supported by 4

struts from the central cylinder.

The third mirror, or fold mirror, directs light out of the telescope cylinder (Fig 3.2-

2). It is mounted about the rotation axis of the telescope 20.6 cm above the primary mirror

and is held at a 45 deg angle to the light path from the secondary mirror. The mirror is

elliptical (25 cm by 35.4 cm) andis 3rd order curved to allow removal of distortion and field

curvature side effects of the afocal system.

Mirror #4 turns the light path 90 deg downward through the rotation axis. It is

solidly mounted at a 45 degree angle to the incident light and completely planar. The light

path, having cleared the bottom of the telescope structure, is turned another nominal 90

degrees by the final telescope exit mirror (#5). This 25 cm by 35.4 cm elliptically,

completely planar mirror is two axis controllable (Appendix 3.2-2) to 1.778 arcsec

(0.0004939 deg). This mirror is nominally 1 meter above the ground plane.

Each telescope is set up in a splayed pattern from the nominal telescope line axis

in order to insure no interference in the light path will exist further downstream (Appendix

3.2-3). This makes for a maximum horizontal angle of 1.01 deg from telescope N 1 (Fig. 3.2-

3). All other horizontal angles are less than this and are listed in Table 3.2-1.

Vertical angles are kept to a minimum as well. The closest telescope, N 1, is directed

to the lowest receiving mirror through an angle of 1.001 deg. The farthest telescopes of

each arm are directed towards the highest receiving mirror at an maximum angle of 0.163

deg (for N9)
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Figure 3.2-2: Telescope Exit Light Path

3.3 Delay Lines
After light has been gathered in each telescope, it must be transmitted to the

instrumentation. However, all the light that left the source at the same time must reach

the instruments at the same time in order to get phase coherent results. This requires that

light from some telescopes (depending on location and target declination) be delayed. In

radio wave astronomy this is achieved electronically, but this is impossible with current

technology for the visible and infrared spectrums. Therefore, the light must be physically

delayed by sending light through longer or shorter path lengths.

The amount of delay comes from two sources. First, as light from the telescopes

closest to the center travel the least distance, they must be delayed to the length of the

farthest telescope. This requires a maximum travel delay of 2632.1 meters by telescope

N 1. The second source of required delay comes from the fact that light from the same source

does not always reach each telescope at the same time. For low viewing angles light from

certain telescopes must be delayed. Light at the furthest telescope from the source must

arrive 4960 meters later than the first struck telescope. Thus, light from N1 must be

delayed (in the worst case viewing angle) 2711 meters. This yields a maximum required

delay of 5343 meters. Taking into account construction variations in telescope and delay

mirror placement, and the possible movement of telescopes to achieve redundancy, the

maximum total delay line was required to be 5400 meters.

Several different options were considered for delay line design. The optimal choice

for this design was one with a minimum number of bounces (to keep losses down), mirrors,

expandability and a desire to maintain bounce angles within an acceptable limit. The

system decided upon consists of one steering tower, two independent banks of 61 long delay

mirrors each and a 27 element fine delay system.
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Table 3.2-1: Telescope Placement

Placement

(Nominal)

North East

N1 267.62

N2 782.52

N3 1157.92

N4 1479.60

N5 1769.35

N6 2037.02

N7 2288,10

N8 2526.08

N9 2753.33

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

Length

267.62

782.52

1157.92

1479.60

1769.35

2037.02

2288.10

2526.08

2753.33

3 Structure

O,05 Clearance

0.125 Beam

Horizontal 3.175 Total Vertical Angles

Angles 0.3 Mirror

Distance Off Angle (deg) Distance Abow Curve

N1 4.7604 1.0191

N2 7.8107 0.5719

N3 6.8596 0,3394

N4 7,8832 0.3053

N5 5,6302 0.1823

N6 6.0016 0.1688

N7 3.1750 0.0795

N8 3.1750 0.0720

N9 0,0000 0.0000

SWl -235.40 -407.72 470.80 SW1 5.7867 0.7042

SW2 -458.04 -793.36 916.09 SW2 8.2570 0.5164

SW3 -634.81 -1099.53 1269.63 SW3 7.0432 0.3178

SW4 -789.56 -1367.55 1579.11 SW4 7.9661 0.2898

SW5 -930.35 -1611.41 1660.70 SW5 5.6690 0.1746

SW6 -1061.18 -1838.01 2122.35 SW6 6.0197 0.1625

SW7 -1184.38 -2051,40 2368.75 SW7 3.1750 0.0768

SW8 -1301.47 -2254.20 2602.93 SW8 3.1750 0.0699

SW9 -1413.50 -2448.26 2827.00 SW9 0.0000 0.0000

SE1 -318.18 551.10 636.35 SE1 6.5042 0.5856

SE2 -520.26 901.12 1040.53 SE2 8.6187 0.4746

SE3 -688.31 1192.19 1376.62 SE3 7.2020 0.2997

SE4 -837.79 1451.10 1675.59 SE4 8,0766 0,2762

SE5 -974.93 1688,63 1949.86 SE5 5.7039 0.1676

SE6 -1103.00 1910.46 2206.01 SE6 6.0361 0.1568

SE6 -1224.02 2120.07 2448.05 SE6 3.1750 0,0743

SEB -1339,33 2319,79 2678.66 SE8 3.1750 0.0679

SE9 -1449.86 2511,24 2899.73 SE9 0.0000 0.0000

Angle {deg)

4.6500 0.0749 1.0115

4.9500 0.2191 0.3785

5.2500 0.3242 0.2758

5.5500 0.4143 0.2310

5.8500 0.4954 0.2055

6.1500 0.5704 0.1890

6.4500 0.6407 0.1776

6.7500 0.7073 0.1691

7.0500 0.7709 O. 1628

4.6500 0.1318 0.5819

4.9500 0.2565 0.3256

5.2500 0.3555 0.2530

5.5500 0.4422 0.2174

5.8500 0.5210 0.1962

6.1500 0.5943 0.1821

6.4500 0.6633 0.1721

6.7500 0.7288 0.1646

7.0500 0.7916 0,1589

4.6500 0.1782 0.4347

4.9500 0.2913 0.2686

5.2500 0.3855 0.2346

5.5500 0.4692 0.2058

5.8500 0.5460 O. 1879

6.1500 0.6177 0.1756

6.4500 0.6855 0.1670

6.7500 0.7500 0.1604

7.0500 0.8119 0.1553

Max Required Delays

East Rising

Travel Low Angle

2632.11 2480.00

2117.21 2480.00

1741.81 2460.00

1420.13 2480.00

1130,37 2480.00

862.71 2480.00

611.62 2480.00

373.65 2480,00

146.40 2480.00

Total

5112,11

4597,21

4221.81

3900.13

3610.37

3342.71

3091.62

2853.65

2626.40

2428.93 2072.28 4501.21

1983.64 1686.64 3670.28

1630.10 1380.47 3010,57

1320.61 1112.45 2433,06

1039.03 868.59 1907.61

777.37 641.99 1419.36

530.98 428.60 959.58

296.80 225.60 522.60

72.73 31.74 104.47

2263.38 3031.10

1859.20 3381.12

1523.11 3672.19

1224.14 3931.10

949.87 4168.63

693.72 4390.46

451.68 4600,07

221.07 4799.79

0.00 4960.00

5294.47

5240.32

5195.30

5155.24

5118.50

5084.18

5051.75

5020.86

4960.00



3.3.1 Long Delay System

After the light has left each telescope, it is directed to the center of the array into the

long delay system. It hits the receiving mirror and is redirected through a nominal 60 deg

turn towards the appropriate long delay bounce mirror after which it comes back to the

transmitting mirror of the delay tower. Figure 3.3-1 shows the general arrangement of the

central long delay tower and bounce mirrors. Such a system provides incremented steps

of 90 meter delay. The remaining delay is corrected in the fine delay systems (Sect. 3.3.2).

Computer algorithms taking target declinations, azimuth, baseline and optical path

length data, calculate the needed delay for each telescope and direct the controllable

mirrors of the fine and long delay systems to achieve this.

The long delay system (Figure 3.3-1) starts once the light from each telescope

reaches its receiving mirror. Each telescope has its own dedicated receiving mirror in the

receiving stack leading to a total of 27 receiving mirrors arranged in a triangular pattern

about the central post. Each mirror is centered to nominally face directly the telescope

arm, is 30 cm in diameter and controllable to 0.845 arcsec (0.000235 deg) about two axes

(Appendix 3.2-1). Once the light hits the receiving mirror, it is turned 60 deg towards the

appropriate bounce mirrors with the proper horizontal and vertical angle so that it will hit

the proper transmitting mirror afterwards.

Each long delay bounce mirror is placed 45 meters from the previous one along the

nominal baseline. 61 mirrors are required for each arm. Arranged in a splayed pattern

similar to the telescopes (Table 3.3-1), the closest is located 300 meters away from the

center. This requires it to be 2.64 meters offthe nominal delay line and causes an angle

toward the center of 0.505 deg which is well within acceptable limits. Each delay tower

(Fig. 3.3-2) is constructed of a boron/epoxy truss system 3.6 m high, with a 1.0 m square
base. The flat 1.05 m x 0.30 m mirror on each tower has a thickness of 0.5 cm, weight of

3.47 kg, and is made of Coming U.L.E. with a dielectric silver coating.

Twenty-eight transmitting mirrors are on two of the support tower legs (14 mirror

per leg). Each is 30 cm tall, 46.12 cm wide, 0.5 cm thick and made of Corning ULE glass

coated with a dielectric silver reflector. The centers of the mirrors start at 0.45 m above

the ground and go to 4.05 meters and they are spaced along the leg so that the center of

each beam is 30 cm from the next in the horizontal plane. As the center of the entrance

to the fine delay system is 0.43 meters above the ground plane and 210 meters away, the

maximum vertical plane angle change is 1 deg. The transmitting mirrors are required to

be 2 axis controllable to 4.911 arcsec (0.00136 deg).

The tower consists of a 2.7 m hollow circular rod supported by a tripod of 6.155 m legs.

All four components are constructed of 2.5 cm. thick, 10 cm diameter hollow boron/epoxy

tubes.
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Figure 3.3-1: Long Delay System
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Table 3.3-1: Long Delay Mirror Placement

Spacing 45

Start 300

Max Delay 5400

# Length Off
1 300

2 345

3 390

4 435

5 48O

6 525

7 570

8 618

9 660

10 705

11 750

12 795

13 840

14 885

15 930

16 975

17 1020

18 1065

19 1110

20 1155

21 1200

22 1245

23 1290

24 1335

25 1380

26 1425

27 1470

28 1515

29 1560

30 1605

31 1650

32 1695

33 1740

34 1785

35 1830

36 1875

37 1920

38 1965

39 2010

40 2055

41 2100

42 2145

43 2190

44 2235

45 2280

46 2325

47 2370

48 2415

49 2460

50 2505

51 2550

52 2595

53 2640

54 2685

55 2730

56 2775

57 2820

58 2865

59 2910

60 2955

61 3000

0.15 Structu_

0.05 Clearance

0.125BeamWid_

0.325 Toml

Angle

2.6487 0.5058

2.9972 0.4978

3.0208 0.4438

3.3319 0.4388

3.3179 0.3960

3,5985 0.3927

3.5541 0.3572

3.8090 0.3549

3.7389 0.3246

3.9717 0.3228

3.8795 0.2964

4.0927 0.2950

3.9810 0.2715

4.1769 0.2704

4.0477 0.2494

4.2278 0.2484

4.0830 0.2293

4.2488 0.2286

4.0896 0.2111

4.2422 0.2104

4.0698 0.1943

4.2102 0.1938

4.0257 0.1786

4.1548 0.1783

3.9588 0.1644

4.0773 0,1639

3.8708 0.1509

3.9794 0.1505

3.7629 0.1382

3.8621 0.1379

3.6363 0.1263

3.7266 0.1260

3.4919 0.1150

3.5738 0.1147

3.3307 0.1043

3.4046 0.1040

3.1535 0.0941

3.2198 0.0939

2.9611 0.0844

3.0201 0.0842

2.7541 0.0751

2.8062 0.0750

2,5332 0.0663

2,5786 0,0661

2.2990 0.0578

2.3379 0.0576

2.0519 0,0496

2.0847 0.0495

1.7925 0.0417

1.8193 0.0416

1,5212 0,0342

1,5423 0.0341

1.2384 0,0269

1.2540 0.0268

0,9445 0.0198

0.9547 0.0197

0.6399 0.0130

0.6450 0.0129

0.3250 0.0064

0,3250 0.0063

0 0
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3.3.2 Fine Delay Lines

The function of the fine delay lines is to make fine corrections in the optical path length

and compensate continuously for lunar rotation. Because of the long lunar day, the

required speed of the fine delay lines is quite small, on the order of 10 mm/s of optical path

delay, corresponding to 5.0 mm/s of physical mirror motion. Therefore, with a total optical

path range in the fine delay of 90 meters, approximately 2.5 hours of continuous motion

is available for the longest baseline. After approximately 2.5 hours of continuous viewing,

the long delay line would move to the next stationary mirror, the fine delay would quickly

move to its other extreme, and the observation would continue as before. The fine delay

lines will be controlled by the metrology system.

All 27 delay lines will be laid out horizontally across the lunar surface and placed

flush against each other. The set-up of the fine delay lines in the central receiving station

is shown in Figure 3.3-3. Each fine delay line will be a total of 55.5 meters long. The 25

cm diameter light beam will enter into one end of the fine delay, be compressed in a

Cassegrain beam compressor down to a 4 cm diameter, travel a maximum distance of 54

meters to the adjustable mirror, reflect back to the stationary mirror at a maximum

distance of 45 meters, and then travel out of the fine delay in a direction opposite to the

incident light (Fig. 3.3-4). The movable fine delay mirror will have a minimum approach

distance to the stationary mirror of 9 meters and the mobile and stationary mirror centers

will be offset by 8 cm (Fig. 3.3-4). This configuration will produce a maximum reflection

angle of approximately 0.25 degrees, eliminating any polarization problems caused by the

light beams reflecting through unequal angles.
Both the mobile and the fixed mirror will be flat, have a _100 surface finish and be

constructed of Corning's U.L.E. glass (Refer to 6.2.2 - Mirror Material). The mobile mirror

will be 8.0 cm in diameter and 0.25 cm thick (Fig. 3.3-5 and 3.3-6) and the fixed mirror (Fig.

3.3-7) will be 6.0 cm in diameter and 0.25 cm thick (to accommodate both the incident beam
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and a metrology system to produce the required positioning accuracy). All 27 fine delay

lines will be housed in a sealed structure and will be contained in segmented box-like

housings of 11 segments, each segment 5 meters long, 30 cm wide and 27 cm high (55

meters long, 30 cm wide and 27 cm high, for the total reconnected structure). The 27 fine

delay line housings will be contained in a central receiving station (a minimum of 56

meters long, 8.5 wide, and 1 meter high), allowing for radiation, thermal, and dust

protection. The delay lines will be raised from the surface by stationary 2-leg supports (Fig.

3.3-4) so the bottom of the incident light ray will be a minimum of 30 cm off the lunar

surface. This will help suppress dust entry into the delay line system.

A Cassegrain beam compression system will be mounted at the fine delay lines

entrance. This compression system will consist of two paraboloidal mirrors, constructed

of Corning's U.L.E.. glass with a k]100 surface finish. The first mirror will be 26 cm in

diameter with a 4.25 cm central hole. The second mirror will be 5 cm in diameter. The 25

cm diameter incident light beam will strike the first mirror, reflect onto the secondary

mirror while being compressed to a 4 cm diameter. The light beam then reflects off the

secondary mirror and exits the compression system in a direction opposite to the 25 cm

diameter incident light beam. The each beam compression system is contained in a 50 cm

x 30 cm x 31 cm box that is connected to the entrance of each fine delay line and rests on

two stationary stands (Fig. 3.3-4).

Boron/epoxy will be utilized in the construction of the fine delay line walls. Refer to

the structures section for the thermal and material properties of this composite, as well as

the justification for lunar use. The fine delay line wall will be a total of 2 cm thick, and

consist of two 0.25 cm thin walled panels separated by stringers. The use of stringers will

reduce the weight of the fine delay line walls, while resisting any bending deformations

in the structure. The entire fine delay line system will be covered in aluminum foil for

thermal considerations. Expansion joints will be employed in the fine delay line structure

to account for material expansions expected during the lunar day.

Inside each fine delay line, the mobile mirror will move along the length of the line

transported on a small cart. The cart design is shown in Figure (3.3-8). It consists of the

mobile mirror, controlled by four PZT actuators to adjust for small vibrations in any of the

optical structures (both the fixed and mobile mirrors currently have PZT actuators to

control their horizontal and angular positioning), a fixed support which is connected to a

small step motor, and a support guide which moves along the track at the top of the fine

delay line. The guide rests on bearings inside the track support. The movement of the cart

is controlled by the motor, which rotates small rubber wheels that "ride" along the track.

An information cable is attached to the motor, and is suspended from the top of the inside

of the track support.

The only openings into this fine delay line and instrumentation housing structure

during the operation of the interferometer will be 27 holes, with a circular diameter of 26

cm, to allow the entrance of the light beams into the structure. Each opening will consist

of a small tube, 26 cm in diameter and approximately 0.5 meters long. The tubes will have

flaps on the end that seal when the interferometer is out of operation, as well as when any

large lunar surface disturbance is detected. During operation, the tubes will trap any dust

attempting to enter the structure. The tubes will receive thorough cleaning during the

periodic scheduled maintenance to remove any particle accumulation.
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3.4 Beam Manipulation

3.4.0 Beam Splitting

To avoid losses from extra mirror bounces, the beams from the fine delay lines are

kept 30 cm apart and 4 cm in diameter. The overall layout of the central station is

presented in Figure 3.4-1. After exiting the fine delay modules, all 27 beams are split.

Ninety percent of the incoming beam is split to the instruments while the remaining ten

percent is distributed evenly between metrology and guidance by secondary beam

splitters. A third split divides the beam for coarse and fine guidance purposes.

All beam splitting is accomplished by cube beam splitters which are 4.5 cm on each

edge. These splitters are produced by cementing two angle prisms along their hypotenuse.

The hypotenuse of one prism is coated prior to cementing. This dielectric coating controls

the reflectance/transmittance (R_ ratio.

The cube splitter was chosen over other types of splitters since they cause no beam

shift or unwanted reflections. Their compact size and convenient orthogonal geometry are

also significant advantages. Table 3.4-1 presents the characteristics for various types of

beam splitters listed in the Oriel optical catalog (Ref. 3.4-1).

Other types of splitters were investigated but their characteristics made them less

suited for the purpose of astronomical observation. Although inexpensive, uncoated

windows and wedges produce multiple reflections and beam shift. Dielectric coated

windows operate only in the visible wavelengths and introduce ghost reflections and beam

shift. Polka dot windows are not suited for this application because of the spatial

separation of the reflecting dots. This would mask an entire portion of the field of view.

Pellicles are fragile and may not withstand launch conditions or the harsh lunar

environment. Bifurcating optic cables introduce unacceptable losses in the split, and

necessitate the use of additional focusing and collimating optics. This would introduce

unnecessary complexity and extra losses.

Some care must be taken in the use of cube beam splitters since they are sensitive

to the wavelength of the incoming radiation. The outer rings of telescopes are primarily

used of infrared (IR) reception, while the inner telescopes will be used for ultraviolet (UV)

reception. The splitters corresponding to outer telescopes are manufactured for optimum

operation in the 700 nm to 3000 nm IR region, while the inner ones are optimized for the

200 to 400 nm UV region. Intermediate settings in the visible range are used for the mid-

range baselength telescopes.

3.4.1 Beam Combination

The primary beam split is designed to serve another purpose besides dividing the

beam. It also spaces the beams in a non-redundant fashion before they are combined and

analyzed by the instruments. Non-redundant spacing is necessary to ensure that the

Fourier components in the image reconstruction correspond to unique baselines. Deter-

mination of the non-redundant spacings was performed using an analysis similar to that

used by P. D. Atherton et al for the Oasis Correlator (Ref. 3.4-2). A computer program was

written in FORTRAN to calculate the spacings necessary for 27 telescopes (App. 3.4-1).

The program takes the distance between the first and second telescopes to the one unit, a.

All subsequent spacings are based on that unit space (Fig. 3.4-2). The computed telescope

spacing data is presented in Appendix 3.4-2.

After passing through the planet detection optics, the non-redundantly spaced
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Table 3.4-1: Beam Splitter Characteristics

Type Operation

Technique

Uncoated r__
Windows o

Wedges

Dielectric Coated

Windowsor _____ jlWedges ..i-

Polka Dot _[Windows _

Cube Beam _ J-"
Splitters _-.

Peilicles

Bifurcated _;,

Fiber Optic ,_J_
Bundles

Fresnel Reflection

Typically 10/90 R/T

Thin Film Reflection

Various R/T Ratios

Possible

Patterned Coating
on Substrate

Spatial : Reflecting Dots

Thin Film

Reflection

Fresnel Reflection

Thin Film Reflection

Fiber Bundles Split
into Two Branches

Advantages

Broadband

Inexpensive

Large Aperature Capability

High Power Capability

Efficient

Can be Achromatic

Efficient and Broadband
Thin Substrate

No Beam Shift

Orthogonal Beam Geometry
Compact

Easy to Hold

Eliminates Multiple
Reflections

Adds no Aberration to

Optical Train

Broadband

Simplifies Light Collection

and Delivery

Can Improve Beam Uniformity

Disadvantages

Introduces Astigmatism in

Non-Parallel Beams
Multiple Reflections
Beam Shift

Narrowband

Angle and Polarization
Sensitive

Minor Reflections

Spaciai Separation
Not Suitable for All

Applications

Polarization, Wavelength,
and Angle Sensitive

Small Aperature

Focal Shift and Aberration

in Uncollimated Light

Film Fragility

Spectral Channelling

Requires Focusing and

Collimating Optics



beams are focused into the instrument room. This is accomplished with the use of flat

elliptical mirrors which redirect the beams to combine onto the face of the detecting CCD.

These mirrors are arranged to simulate the effects of a single Herschel mounted mirror

(Ref. 3.4-3). All of the flat elliptical mirrors are suspended on linear actuators to allow

removal for implementation of the planet detection module. There is a difficulty

encountered in this method of combination. The beams cannot converge into a perfect 4

cm circle on the CCD. The beams coming in at angles will have some light overspray and

spreading (Fig. 3.4-3). This effect can be sufficiently reduced, however, by mi.".n_." .ing the

included angle between the incoming beams. This has been done by mmm_lzang the

perpendicular distance from the first beam to the point where the last beam is redirected

to the instruments. In addition, the distance from the mirrors to the instrument room was

increased to reduce the maximum angle to less than five degrees. This increased distance

was already needed to shield the instrument room with regolith and did not pose extra

problems.

Figure 3.4-3: Non-redundant Spacing
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3.5 Planet Detection

3.5.1 Planet Detection Theory

Planet detection involves locating an extrasolar system planet by directly studying

the light and thermal emissions of the planet or by studying the radial velocity fluctuations

associated with the existence of orbital bodies. These two techniques are categorized as

direct detection and indirect detection methods, respectively.

Indirect Methods of detection use stellar disturbances to locate planets. These

detection methods include astrometry, measurement of precision radial velocities, pho-

tometry, and Doppler Spectroscopy (Ref. 3.5-1). However, the detection of Earth-size

planets at 10 parsecs requires direct observations of radiation from the planet itself (Ref.
3.5-2).

Direct detection observes the radiation emissions of the planet in both the visible and

infrared spectrum. The main difficulty in direct detection is that the contribution of light

from the planet is faint in comparison to the stellar intensity. The total flux at optical

wavelengths for an Earth-size planet is one photon per second per square meter at a

distance of 5 parsecs. This photon count increases to four for Jupiter-sized planets and

triples if infrared wavelengths are observed. The intensity of planet light is approximately

10 .5to 10 -9the magnitude of the stellar intensity. Detection without spatial discrimination

is impossible (Ref. 3.5 - 1,2).

Three capabilities are fundamental to the detection and characterization of Earth-

sized planets. First, the inherent angular resolution must be adequate to spatially

distinguish the objects of interest. Second, radiation from the planet must be sufficiently

intense to produce a high signal-to-noise ratio. Third, planet light must be discernible from

the diffracted and scattered light from the bright central star. The first two concerns were

addressed earlier and will not be discussed here. The third fundamental is the most

important since the Airy diffraction pattern governs the stellar intensity (Ref. 3.5-2).

Radiation intensity of a stellar image in the focal plane follows the Airy pattern shown

in Figure 3.5-1. The curve is governed by the intensity function:

I = [ 2 Jl w l
w 2

The value w represents the radial distance from the center and the symbol J1 refers
to the first-order Bessel function. The majority of the incoming light falls within the first

two or three rings of the Airy disk. In order to use direct detection to find an Earth-size

planet the light energy of the outer Airy radii must be studied while the central rings are
filtered (Ref. 3.5-3).

Apodization is a technique that in principle can enhance the contrast for planetary
detection by suppressing the wings of the stellar diffraction pattern. The benefit gained

by apodization is countered by any light scattering due to roughness or dust on the
telescope optics (Ref. 3.5-1).

The key to very high dynamic range imaging is to optically prevent the starlight from

scattering into the planetary position. By taking the light from the star at two spatially

separated locations and interfering it destructively it is possible to eliminate the star's

shot-noise component. Because the planet light enters the interferometer off-axis, it does
not suffer destructive interference. Since the sidelobes also enter the interferometer off-

axis, they will not be completely cancelled. For a two-element interferometer, the leakage
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00 of the light from a star of diameter, theta,o is given by the following equation"

°' Leakage = (1/8)(_*0"B/_.) 2
07

o, where B is the array baseline.

05

Figure 3.5-2 shows the nulling con-

°' cept developedby Shao and Colavita. The

°' light from two array telescopes is split at

°' a beamsplitter (one in plane and one out

of plane), reflected from two dihedrals,

and then recombined at the beamsplitter.
01 _ 34 S 6 ? ° I) tOl!

, The null is achromatic since it is achieved

by a polarization flip rather than a phase

Figure 3.5-1: Airy Diffraction Pat- delay. Also, the beamsplitter does not

tern (Ref. 3.5-2) need to be precisely 50/50 since it is used

once in transmission and once in reflection along each arm. Each arm has two S-type

reflections and two P-type reflections. Therefore, with identical mirrors in each arm, all

polarization effects are eliminated and with slightly mismatched mirrors the fold angles

can be adjusted to tune out polarization differences. Finally, the single mode fibers serve

as spatial filters (Ref. 3.5-4).
The interferometric approach to planet detection will consist mainly of finding a

statistically significant increase in brightness at a reasonable distance from a star.

Confirmation at this stage will depend on repeated detections in a series of positions that

could reasonably represent the planetary orbit (Ref. 3.5-2).
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Figure 3.5-2 : Schematic of Achromatic Nulling Interferometer
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3.5.2 Planet Detection

The method of planet detection and resolution designed for the LOLA array is a two

phase system. The first and primary phase of the system consists of an achromatic hulling

interferometer. The function of this system is to directly detect and study a planet-sized

object at an infrared wavelength of 10 microns. This information is then provided to the

second phase of the planet detection system which will attempt to resolve the detected

planet in the visible and UV spectrums. Since the achromatic null requires only two of the

27 light beams, it is possible to operate both phases of the system concurrently by

temporarily removing all planet detection optics upstream of the achromatic hulling

interferometer. Both phases of the LOLA planet detection system are capable of

suppressing parent star light by a factor of 106 or more.

Figure 3.5-3 shows the achromatic hulling device designed for LOLA. First, two light

beams are allowed to propagate past the primary beam focusing optics (positioned on

linear actuators for easy removal from the beam path). The beams are then directed

through two nominally 45 degree turns producing 1.0 cm vertical and horizontal beam

separations and aligning them for entry into the nnlling optics. This is accomplished by

two directing carts (Fig. 3.5-4) on tracks similar to those in the fine delay system. From

the directing carts, the beams then travel through the hUlling optics, isolated on a

vibrational damping platform (Fig. 3.4-3). The beams are finally directed through single-

mode bixefringent fiber optic cables with a 1.5 dB/km attenuation into the planet detection

instrumentation module.

Phase two of the planet detection system is designed primarily to enhance, not replace,

the first phase of planet detection. This phase consists of a hybrid occulting disk with an

aperture wheel, single-mode fiber optic cables and an electronic masking system (Fig. 3.5-

5). The variable aperture wheel and the hybrid occulting disk are positioned, by the use

of various focusing lenses andlinear actuators, in the first and second image planes of each

light beam. The variable aperture wheel allows different areas of the field of view to be

studied. Each lens in the wheel acts as a magnifier, expanding a small portion of the field

of view. The changing of the apertures is accomplished by a step motor designed to rotate

the new lens into place. The hybrid occulting disk, used in conjunction with the aperture

wheel, is a graded transmission mask which acts as a high pass filter. The disk reduces

stellar light by a factor often while allowing light close to the star to pass. The disk will

have a radius of 3 micrometers, which will block the first three radii of the stars Airy disk.

The third starlight suppression technique used in phase two is provided by single-

mode fiber optic cables identical to those usedin the nulling interferometer. The light from

each array element is focused on to the fiber optic cable 1.2 micrometers, or one Airy disk,

from the entrance of the cable, producing a shearing effect that reduces the sidelobe

starlight and decreases the overall stellar light by a factor of ten. The light traveling

through the cable is preserved in a state of polarization and light scattering is partially

removed from the system (Ref 3.5-5).

The final technique for starlight suppression is phase two is accomplished by

electronic masking. Using the positional information provided by the first phase of planet

detection, the CLEAN and Maximum Entropy Method algorithms are used in the data

reduction to resolve the planet about the parent star. CLEAN iteratively removes the high

intensity light from the brightness of the star, reducing both core and sidelobes (Ref 3.5-
6).
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Maximum Entropy Method deconvolves the remaining image. The combination of

these two techniques can approximate the true image of the planet by comparing

differences in light intensity detected by the array. These methods are covered in section
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3.6 Metrology
In order to properly controlthe 27 telescope array elements and synchronize the beam

combination, a metrology system is required. This metrology system will be divided into

two subsystems. One subsystem will provide optical path length measurements while the

other will provide baseline measurements. Both subsystems will employ lasers to obtain

the high degree of accuracy required by the LOLA array.

3.6.1 Optical Path Measurement
Accurate measurements of the optical path length of all 27 incoming light beams is

crucial for proper control of the mirrors of the fine and long delay lines. To provide the

required measurements, a portion of each light beam is directed to the metrology housing

from beam splitters. Those 27 beam splitters are located immediately following the fine

delay lines. In the metrology housing, 54 lasers are positioned to shoot two beams down

the edges of each of the 27 light beams. These laser beams travel back through the beam

splitters, the fine delay lines, the long delay lines and into each of the telescope elements.

At the telescopes, the beams hit retroreflectors located on either side of the secondary

mirror and are reflectedback along the optical path to the metrologyhousing. The distance

the laser beams traveled along the optical paths are then computed and relayed to the

delay lines for optical path length adjustments. These measurements are made continu-

ously to allow for constant slewing of the fine delay mirrors. (Fig. 3.6-1)
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Figure 3.6-1: Optical Path Metrology
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3.6.2 Baseline Measurement

The second metrology subsystem provides accurate measurements of each telescope's

position and orientation. This will be accomplished by combining measurements from a

Mark III laser system located at each array element location with nominal baseline

measurements made from 3 metrology towers.

Each of the towers is responsible for nominal baseline length measurements along a
single array arm. The towers are positioned 700 meters from the center of the array and

30 ° to the right of each arm. Using east as 0 °, there are towers at 60 °, 180 °, and 300 °, each

700 meters from the center (Fig 1.5-1). The bottom 10 cm section of each tower is vacant,
but each of the remaining eleven 10 cm levels holds one laser each and the entire structure

itself is supported 30 cm above ground level. This provides room for one laser each for the

nine telescopes and two for measuring tower separations.

The second part of the baseline measurements are performed by Mark III systems

located at the base of each telescope. Each system consists of four lasers located on a 'laser

plate" and aimed at a zerodur hemisphere located on the bottom of the telescope (Fig. 3.6-
2). Also located on the 1 m by 1 m "laser plate" is a small retroreflector which reflects the

beams from the metrology towers. The plate is mounted 50 cm off the ground on four

pylons. In order to accommodate full telescope motion, four systems will be placed at each

telescope, one in between each set of legs. Only one system will be operating at any given

time, depending to which quarter the telescope has rotated. (Fig 3.6-3)

The Mark III measurements are used for two purposes. First, they will be combined
with the measuremen_ made from the metrology towers to determine the baseline length.

f

/ " _\ " _ Zerodur "Bowling BaW'

/ / \ -,,

/ I \

Laser plate

Figure 3.6-2: Mark III Metrology System
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Second, the measurements will be transferred to the pointing and control system for
precise telescope positioning.

3.6.3 Optical Path Length Instrumentation

By combining conventional heterodyning and fringe counting metrology techniques,

it is possible to measure optical path lengths to nanometer precision. Figure 3.6-4 shows

the schematic of the optical path length metrology system. Interference takes place

between a reference beam reflected from the front surface of a k/8 thick plate mirror and

the signal beam reflected from the telescopes secondary mirror producing circularly

polarized beams. The two beams are divided at a polarizing beam splitter resulting in

fringe patterns whose intensities vary in quadrature. By varying the laser frequency with

a function generator at the rate of df/dt, a beat signal with a frequency, f= (L/c)(df/dt), will

be produced; where L is the optical path length and c is the speed of light. The frequency

of the beat signal is found with a fringe counter and the optical path length is determined
(Ref 3.6-2).

NOTE: The specific system employs components from a laser Doppler velocimeter system

marketed by Aerometrics for high precision wind tunnel measurements (Ref. 3.6-3).

3.6.4 Retroreflectors

The retroreflector used on the secondary mirror is a cat's-eye retroreflector. It is made

of two glass hemispheres cemented together with the rear surface aluminized for high

reflectivity. The relationship between the two hemispheres is given by R 2 = R1/(n - 1),
where n is the index of refraction of about 1.5 (Ref 3.6-4). The retroreflector has an outer

diameter of 1 cm and an inner diameter of 0.5 cm.

The zerodur '"oowling b all" retroreflector on the bottom of the telescope is used because

the Mark III measures relative position and it has the advantage of a high acceptance

angle. The hemisphere has a radius which coincides with the point about which the

telescope rotates. On the LOLA telescopes, the hemisphere extends 0.1 m below the

telescope structure, and is 0.81 m wide (Fig. 3.6-5), adding 65.86 kg of weight to the

telescope. This coincides with a sphere of radius 0.862 m.

3.6.5 Lasers

The lasers to be used in all components of the metrology system are Neodymium Yag

lasers with stability ranging from 10 .9 to 10 "12. These were chosen for their accuracy and

efficiency. Each laser uses on the order of 100 mW of power, and is approximately 10%

efficient (Ref 3.6-5). These lasers will give measurements of the optical path length down
to the nanometer.

3.6.6 Metrology Housing and Towers

The 54 lasers and all accompanying instrumentation and optics are housed in a

building, shown in Figure 3.6-5, that is 11.00 m long, 2.5 m high, and 2.5 m deep. The

building is constructed similar to a tent, with boron/epoxy poles comprising the frame-

work, and a reflective thermal blanket covering the top, ends, and back. Because one of

the purposes of this housingis dust protection, the blanket will have to be securely fastened

along all edges. There is a door in the rear of the building to allow access for maintenance.
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The front of the building is constructed of truss panels. A 15 cm high opening 26 cm above

the lunar surface extends the length of the building to allow the laser beams to exit. This

openingis coveredby a sliding shield during the lunar day. This shieldis a thin aluminum

panel with rollers on each end, which is controlled by a step motor.
Inside the building, the lasers, transmitting and receiving optics, function generators

and photodetector units (all connected by fiber optic cableing) are placed on tables 31 cm

high, 10 cm thick, and 70 cm deep (Fig. 3.6-5). Each table has 8 legs constructed of boron/

epoxy with an outer diameter of 5 cm and thickness of 1 cm. Each set of 4 legs is located
2 cm inward from the front or back edge of the tables. (Fig 3.6-5). A detailed view of the

transmitting and receiving optics is found in Figure 3.6-6.

The 3 metrology towers, shown in Figure 3.6-7, are each 1.2 m high with a 0.5 m square

base. They are divided into twelve 10-cm sections, the top eleven of which contain lasers.

Two sides of each tower are solid panels. The other two sides have sliding panels that cover

the lasers during the lunar day. These towers are constructed of aluminum, with step

motors controlling the movable panels.

L _op_

70 cm

TOP VIEW

T-
Z.5 m

8.5 m .S m

FRONT VIEW

Figure 3.6-5: Laser Housing
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3.7 Guidance and Control

The high resolution requirement for intefferometric detection of earth-like planets

places a critical restriction on the accuracy of telescope pointing. The resolution require-

ment of 10 .5 for the LOLA array places a criteria of 10 _ arcseconds accuracy for the

guidance system. (Ref 3.7-1).
Since both the orbital motion of the moon and the stellar positions relative to Earth

can be calculated very accurately, the control system will use these calculations to initially

position the telescopes. A central computer will be used to transform the computed

coordinates to required altitude and azimuth angles for the telescopes. Three separate

systems will be used to close the control loop. These systems consist of a laser metrology

system to compute the actual telescope position, a coarse guidance camera to track the star,

and a fine guidance camera to maintain the accuracy requirements and measure the errors

in the optical system.
Several pieces of information will be uploaded from the ground control station at the

start of the target image acquisition phase. The right ascension and declination of the

target image will be processed to the current epoch by the ground control station and the

appropriate astronomical corrections will be applied. These include correcting for the

proper motion of the target image, precession of the planet, and parallax. The central

microprocessor will have the capability of correcting for the orbital motion of the target

image. The information necessary to compute the orbital motion of the target image over

long integration periods will also be uploaded from the ground station into the control

program.
The target coordinates will then be transformed into the required altitude and

azimuth angles for the telescopes. The target velociW will be determined from the present

stellar position minus the position in the previous cycle. Signals from the laser metrology

system will be read to determine the actual telescope positions allowing the telescope
velocities to be determined. If the position error for a given telescope is skewed 0.25 of a

pixel from the centroiding algorithm for the CCD, the command velocity for that telescope

will be the target velocity plus a velocity which is proportional to the square root of the

position error. This will cause the telescope to move in a parabolic motion such that the

position and velocity errors go to zero at the same time (Fig. 3.7-1). As the telescope

approaches the target location, the position error will be small, and it will take a long time

for the command velocity to reach the target velocity. Hence, if the position error is below

a predefined limit, the command velocity is set proportional to the sum of the position and

velocity errors.

The tracking of each individual array element is accomplished by using a coarse and

fine guidance camera. The schematic for each camera is shown in Figure 3.7-2. The

elements in each camera are the same with the exception of the CCD and the aperture

wheel. The coarse guidance CCD has a 1024 x 1024 pixel display which will allow 0.1 AU

field of view (FOV). The fine guidance uses a 2048 x 2048 pixel display which has a FOV

of 0.02 AU.

Light from the array elements are split between the fine guidance and the coarse

guidance by a 50/50 beamsplitter. A variable density filter, as developed by Newport, is

placed in the path of each beam (Ref 3.7-2). The filter is self adjusting and changes

according to the intensity of the incoming light. The purpose of the filter is to protect the

CCD from the extremely high intensities associated with stellar light.

The adjustment of the light path to the CCD is accomplished by two achromatic wedge
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prisms. The purpose of the prisms is to bring an offcenter tracking star into the center of

the field of view. A wedge prism is a plate whose opposite faces deviate slightly from

parallelism. Because of the extreme accuracy required in the pointing and control system,

the chromatic aberration caused by a single prism can not be tolerated (Ref3.7-3). It would

cause a shift in the interference pattern across the cCD. These aberrations can be

eliminated by combining positive and negative elements, or by using two elements of

different refractive indices (Ref 3.7-4). The use of two achromatic wedge prisms changes

the path of the light without aberrations.

The second achromatic wedge prism directs light to the CCD. A masking disk

controlled separately for each of the 27 beams allows each beam to be studied by the CCD

individually. The positioning of each masking disk is accomplished by a ultra precision

linear actuator as developed by Newport (Ref 3.7-2). During fine tracking any error

detectedby the CCD is registeredby the computer. The computer then masks each element

to determine which telescope is in error. The light paths to the CCD remain open during

continuous tracking.

A centroiding algorithm expands the incoming light on to the CCD. The light beams

are expanded to cover four pixels on the CCD display. This allows any disturbances or

movements of array elements to be detected without moving a full pixel. During

continuous tracking each array beam is focused to the center of the CCD screen. The

movement of one element will show on the display as a separation from the duster (Fig.

3.7-1). An error signal will be sent to the metrology and drive systems to correctly position

the array element in error.

CCD

Figure 3.7-1: Pointing and Control Positioning Scheme
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3.8 Instrumentation

3.8.1 Instrumentation Facility
The side view of the instrumentation facility is shown in Figure 3.8-1. This structure

shields the instrumentation from lunar dust, micrometeoroid impacts, radiation, and the

thermal extremes of the lunar day. To provide adequate radiation shielding, the

instrument housing is covered by 5.0 m of compacted lunar regolith. It is estimated that

the compacted regolith will provide shielding equivalent to the level of atmospheric

shielding found in low Earth orbit (Ref. 3.8-1).

The 25 to 27 telescope beams are directed from the beam combining optics through the

regolith wall to the instrument carousel (Fig. 3.8-2). The cylindrical carousel is 2 m long

with a 1 m diameter. A small torque motor rotates the carousel to position either of the four

instruments in the converging beam path. Power transmission lines, fiber optic cables for

data transfer, and piping for the liquid helium thermal control system are combined for

the four instruments and are directed to the exterior of the instrument housing.

During standard operations, the carousel will be held fixed on one of the instruments.

When concurrent use of two instruments is desired, the carousel is rotated between the

selected instruments approximately every 10 seconds. The simultaneous use of two
instruments is accomplished through multiplexing to the computer system and the

synchronization of the data sampling with the rotating carousel.

Each instrument is contained within a separate module of the carousel. This design

simplifies access to each instrument and allows maintenance on a malfunctioning

instrument without disturbing those elements which are functioning properly.

5.0 m of Lunar Regolith Shielding
Entrance and
Clean Room

From Beam
Combining
Optics !

i

Instrumentation
Carousel To/From

Power,
Data,
and
Cooling

Figure 3.8-1: Primary Instrumentation Housing Shielded by Lunar

Regolith. The computer systems and the thermal control systems

are in a separate facility.
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Figure 3.8-2: Instrumentation Carousel. Power, coolant, and data
transmission lines are not shown.
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The secondary planet detection module is contained in a separate section within the

instrument room. The rectangular module is 0.5 m wide, 0.5 m high and 2.0 m long.

All instrumentation requires an active cooling system to remove the heat dissipated

by the instrumentation electronics and the heat radiated from the walls of the regolith

covered room. The temperature of the instrumentation must be maintained below 77 K

to permit the detection of infrared radiation at wavelengths up to 10 micrometers (Figure

3.8-3, Ref. 3.8-2). To accomplish this, an active dosed loop thermal control system utilizing

liquid helium is employed. This system is discussed in greater detail in section 7.0 of this

report.

3.8.2 Instrumentation

The four instruments in the primary duster provide coverage from the ultraviolet

(UV) portion of the spectrum to the infrared (IR) region. The secondary instrumentation

provides coverage in the IR region from 1000 to 10000 nm. The spectrum is extended down

to 150 nm and up to 10,000 nm for viewing objects requiring less resolution. The lower

wavelength limit of 150 nm is imposed by several factors including the attainable quality

of optical components and type of reflective coating used for the mirrors. The upper

wavelength limit of 10,000 nm is produced by thermal noise emissions and diffraction

effects. The instruments and their associated spectral regions are listed below.

UV Imager:

UV-Visible-IR Imager:

UV-Visible-IR Spectrometer:

IR Imager/Spectrometer:

Planet Detection Module

150 to 400 nm

200 to 1000 nm

200 to 1000 nm

1000 to 10,000 nm

1000 to 10,000 nm

The field of view for all of the instruments is controlled through 27 focusing aperture

wheels located downstream of the beam splitter. With the focusing apertures the field of

view of the beams may be varied from 15 arcseconds down to 10 "_ arcseconds, which

corresponds to the maximum resolution of the pointing and control system.

The layout of the UV Imager is shown in Figure 3.8-4. The filter wheel is used to

position a variety of narrow bandpass filters in the beam path. The charge-coupled-device

(CCD) detector is a Tektronix 1024 x 1024 pixel array with each pixel having dimensions

of 21 x 21 (Ref. 3.8-3) microns. The quantum efficiency is approximately 5%. Thus,

observations in this spectrum are attainable only for objects which produce an extremely

high SNR. This detector is particularly suited to study stellar phenomena and to detect
helium ion emissions.

The UV-Visible-IR Imager is similar to the UV-Imager in terms of layout (Fig. 3.8-4),

however, in nominal operation mode, the filter is positioned so that it does not affect the

incoming beams. Filtering is used only when it is required to observe narrow spectral

bands of particular interest. The detector for this instrument will use a large format of

CCDs with 108 pixels. This type of detector provides coverage from 300 nm to 1000 nm with

a quantum efficiency of greater than 20 percent (Ref. 3.8-5). However, with the addition

of anti-reflection coatings (Ref. 3.8-6) the lower range is extended down to 200 nm at a

quantum efficiency of approximately 10 percent. As the primary instrument, this CCD will

be used in planet detection and in the long integration time observations to directly image
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the target planets in the optical spectrum.

The UV-Visible-IR spectrometer (Fig. 3.8-5) is designed to complement the UV-

Visible-IR Imager in that it employs an identical CCD detector to study the wavelength

region from 200 to 1000 nm. However, as shown in Figure 3.7-5, a filter/grating wheel is

utilized for spectroscopic analysis of the incoming beams. After passing through a filter

on the filter/grating wheel, the beams are reflected towards a grating on the outer edge of

the wheel which separates the beams into their component spect_L The filtered and

dispersed beams are then focused on the CCD detector.

Power

Communications

Converging
Beams

!

Filter Wheel
0.4 m diameter

0 \
Data Acquisition
Electronics

Motor and Bearings

CCD Detector

Coolant Circulation

Coolant Dewar

Figure 3.8-4: Interior View of UV Imager and UV-Visible-IR Imager

Filter Grating Mirror
Power

Filter/Grating Wheel
0.4 m diameter

Converging
Beams

Communications

Motor and Bearings

\
Data Acquisition
Electronics

Coolant Circulation

CCD Detector
Coolant Dewar

Figure 3.8-5: Interior View of IR Imager/Spectrometer and UV-

Visible-IR Spectrometer

LOLA - VT Space Design Page 64



opL.

Pomf

Figure 3.8-6: Interior View of Planet Detection Module

The IR Imager/Spectrometer (Figure 3.8-5) is designed to study the wavelength region
from 1000 to 10000 nm and uses a detector constructed of silicon/indium which allows IR

wavelength detection.

The Planet Detection Module (Fig 3.8-6) is designed for planet detection in the

wavelength region from 1000 to 10,000 nm. A filter wheel is used to position a variety of

narrow bandpass filters in the beam path. Two Tektronix 2048 x 2048 silicon/indium pixel

detectors with pixel sizes of 24 x 24 microns are employed in the imager.

3.8.3 CCD Detector Technology

Photon energy strikes the CCD and enters a channel for a single pixel (Fig. 3.8-6). It

then is converted by a voltage difference into a packet of electrons. Available gain is on

the order of 105 to 106 electrons through this stage depending on the frequency of the

incident photon energy (Fig. 3.8-7). There are three clock phases per well which return

timing information about the event. In the next step, the charge is directed from a group

of wells, each well having a maximum of 20,000 electrons, to a single stage source follower

amplifier where an additional yield of 2 to 3 microvolts per electron provides enough gain

for the analog to digital (A/D) converter to read. Read noise from the instrument, which

includes nonuniformity, nonlinearity, shot noise, bulk state limits, and charge traps, is on
the order of 5 electrons for a 4 microsecond sample per pixel time.

A type of CCD known as a Skipper CCD can be employed to reduce the sample time

and noise by quickly oversampling nonredundant pixels. Using Skipper CCD technology,
it is estimated that the read time for a 2048 x 2048 detector would be reduced from 80

seconds to 8 seconds. As of late 1992, Skipper CCD detectors have been used on 1028 x 1028

pixel CCD detectors with success, but the complexity involved in transferring this
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technology to a larger format CCD necessitates further research in this area.

A Skipper 2048 x 2048 CCD, oversampling 256 times, would lower the read noise

to near 0.5 electrons per pixel, promising detection of a single photo-electron, and

providing a SNR of over 10 dB for the range of 200 to 6000 nm with extremely wide dynamic

_. Dark current is negligible at room temperature, and is further reduced at lower

temperatures.

The Skipper CCD electronics and digital signal processing electronics require

approximately 24 and 120 volts respectively. Further, the Skipper CCD requires 110 watts

of power of which approximately 50 watts are dissipated as heat. The total mass of the

Skipper CCD detector and its associated electronics is 100 kg.

CCD data are directed by fiber optic link to the computer system located at the lunar

surface (Fig. 3.8-8). The signal processing architecture for each of the four instruments is

based on a Motorola DSP5600 digital signal processing chip operating at a speed of

approximately 10 millions of instruction per second. This computer architecture corre-

sponds to the current technology in a Sun SPARCstation or a NeXT computer workstation.

In the operations mode, with four instruments operating concurrently and two on standby

power, the total data output is approximately 5 megabits/sec. Output data from the CCD

detectors may be transmitted directly to the orbiting satellite, or the data can be stored for

transmission during the lunar day.
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3.9 Image Reconstruction

The u-v plane is the Fourier transform of the X,Y coordinate plane and a measure

of the spatial frequency of the array baselines in wavelengths. The u-v plane image is

formed by the interference of the incident light waves of each baseline telescope pair onto

a photon detector or other comparable instrumentation. Small separations in the X,Y

image produce a high spatial frequency and contribute to the outer radius of the u-v plane

image. Extended image structure produces a low spatial frequency and contributes to the

inner radius of the u-v plane image. This u-v image is then returned to a X,Y im age through

the use of an inverse Fourier transform.

3.9.1 Detector Scheme

The first possible scheme investigated for this transform was the nC_ scheme. In this
scheme, each of the n main beams is divided into (n-l) identical sub-beams and the

resulting n(n-1) sub-beams are combined, pairwise, on n(n-1)/2 identical detectors. This

scheme, therefore, requires a single detector for each baseline and complex beam splitting.

However, with the "C 2 scheme each detector is identified with a single spatial frequency

and the Poisson variance or shot noise is independent of both source structure and pixel

index. The second scheme investigated was a "C scheme which requires only a single

detector for all baselines. For large arrays the "C has comparable signal-to-noise ratio

(SNR) as "C 2 array (Fig. 3.9-1) and no beam splitting is required. Beam splitting

1,2

1

,_ 0.8

0.6

0.4

0.2

0

...... .6. '', ...... _ •., ......

, ,)1
9 18 27

NUMBER OF APERTURES

X_ Single Detector - maximum redundancy

• Multiple Detectors

Single Detector - minimum redundancy

Figure 3.9-1: The Enhancement Factor F of SNR vs. the Number of

Apertures, n. The three cases shown are the single detector case

with maximum baseline redundancy, the multi-detector case, and

the single detector case with minimum baseline redundancy.
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automatically reduces the SNR due to optical scattering. However, the integration time

is sometimes longer than the °C 2 scheme due to baseline redundancy.
The nC scheme has been selected as the Fourier transform procedure for this

n

baseline configuration for the following reasons:

1) The large number of array elements in the final configuration provides the same

SNR for both imaging schemes.

2) The high cost, weight, and bulk of the required photon detector necessitates the

selection of a scheme with the fewest required detectors. The "C 2 scheme requires

351 detectors, where the "C scheme requires only a single detector.

3) The low photon rate of incoming signal requiring the fewest beam splitting

operations possible. The nC_ scheme requires each of the 27 array beams to be split

into 27 separate beams, automatically reducing the intensity by a factor of 27 and

requiring 272 beam sphtting operations. The "C scheme does not require beam

splitting; allowing all 27 beams to remain at full intensity.

4) The required modularity and simplicity of packaging and construction makes a

single detector with out beam splitting optics most attractive. (Ref. 3.9-1).

3.9.2 Image Recovery Algorithms

Figure 3.9-2 is a flowchart for the general image recovery algorithm (Ref 3.9-2).

After the interference data is received from the photon detector, data constraints are

applied by the simple combination of the measured visibility amplitudes with the model

visibility phases. Next, if necessary, a phase closure analysis is performed to correct for

phase shifts in the array data. The phase closure analysis combines the measured and

mode] phases so that the hybrid visibilities maintain the same phase-closure sums as the

data (App. 3.9-1). A Fourier transform is performed on the data to produce an image.

However, due to the incomplete sampling of the u-v plane a "dirty image" - the true sky

brightness convolved with a shift invariant point spread function, P - is formed. The beam

is deconvolved by a combination of the CLEAN and Maximum Entropy (MEM) algorithms

to produce a "clean" image to which the positivity visibility constraint is applied. The

image is then transformed to the u-v plane for comparison with the old model data. If the

new model visibilities are within the pre-determined tolerance, the image is retrieved.

Otherwise, the data becomes the new model data for the next iteration (Ref. 3.9-2).

Both the CLEAN and MEM algorithms have been widely employed in the

deconvolution of interferometric data. The CLEAN algorithm iteratively removes the

effects of the point spread function. This removal is accomplished by repeated subtraction

of a fraction of the peak flux of the remainingimage multiphed by the point spread function

shifted to the position of the peak visibility (Fig. 3.9-3) (Ref. 3.9-3). The Maximum Entropy

Method consists mainly of choosing the single feasible image which has the greatest

configuration entropy (Fig. 3.9-4) (Ref. 3.9-2). See Appendix 3.9-2 (Ref. 3.9-4) for detailed

descriptions of these algorithms.

MEM is a poor scheme for removing the sidelobes of bright, unresolved components

surrounded by a weak extended structure. This situation will be encountered due to the

weak planetary visibility as compared to that of the solar body. However, MEM's
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Figure 3.9-2: General Image Recovery (Ref. 3.9-4)

superresolution is perfectly suited for the imaging of dim, extended features. So, it is

desirable to iteratively CLEAN the intense core structure in I and P (App. 3.9-3) down to

the level of the other image features, then invert and subtract the CLEAN components

from the visibility data. The residual visibilities are then imaged by MEM. The CLEAN

and MEM images are convolved to produce a single final image (Fig. 3.9-5). The

combination of MEM and CLEAN was developed specifically for the VLBI (Very Long

Baseline Interferometer) to image data with poor aperture plane coverage, low SNR

leading to image infidelity, and sources with very knotty structure where high polarization

occurs due to sharp flux gradients in I and P. The algorithm was developed from the

Cornwell and Evans algorithm. While many VLBI images deconvolved solely with CLEAN

have shown only marginally resolved features, higher resolution VLBI images deconvolved

with the combined MEM, CLEAN algorithm are now revealing jets in quasars which

appear to extend out to arcsecond scales. The surface brightnesses of these newly resolved

features are order of magnitudes lower than the surrounding surface brightnesses (Ref.

3.9-2 and 3.9-3). In fact, a report given in the Proceedings of IEEE stated that 'the two

techniques most commonly used for reducing sidelobes in [interferometric] images are

'cleaning' and source subtraction', the precise devices employed in the CLEAN algorithm

(Ref. 3.9-6)

It should be noted that for any one point on the celestial sphere, the spatial

frequencies sampled result from the projection of a 3-D distribution of sample points onto

a perpendicular plane. Hence, for non-coplanar baselines, the spatial frequencies sampled

may vary significantly as a function of position inside the field. As a result, the

relationship between the sky brightness and the coherence function is no longer a simple
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Figure 3.9-5: Deconvolution Algorithm (Ref. 3.9-4)

2-D Fourier transform. The simplest approach to correct this effect is to do all the

processing in 3-D space, using a 3-D Gaussian distribution in the CLEAN and MEM

algorithms. The extension of these algorithms to three dimensions is a simple (Ref. 3.9-

5).

3.9.3 Electronic Calibration

In addition to the physical alignment and lunar surface calibration of the optical

array elements and optics, electronic synthesis calibration will be performed on the array

design. Recently a concept has been developed by the Air Force that utilizes the far-field

intensity pattern of a synthetic aperture phased array to measure the effective system

performance (Ref. 3.9-7). The procedure provides a quantitative measure of the level of

energy delivery to the receiver (telescope array), while incorporating important aspects of

system operation into a far-field propagation simulation. Thus, it produces a quantifica-

tion of system p erformance under various conditions, inclu ding the peak far-field intensity

for the configuration and the sensitivity of the system to mis-alignment of the sub-

apertures.

A specialized multi-aperture propagation code is utilized in this procedure, allow-

ing the user to define the number and arrangement of the sub-apertures, the relative

piston and x- and y- tilt errors on each sub-aperture and any beam obstruction inherent

to the design.

Figure 3.9-6 shows a flow diagram for the propagation portion of the simulation. A

2-D Fast Fourier Transform is used to compute the Point Spread Function (PSF). The PSF,

along with near- and far-field scaling based on the given piston and tilt errors of each sub-
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Figure 3.9-7: Near-field Aperture Representation (Ref. 3.9-7)
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aperture, allows the computational simulation of the far-field intensity distribution

falling on the photon counting detector. A photon counter, connected to a video digitizer

and the minicomputer, provides an active controlled comparison for the simulated far-field

data.

The simulation process begins with the construction of a near-field phase-ampli-

tude matrix (Fig. 3.9-7). Next the user defines the energy distribution function at the exit

of each sub-aperture (Fig. 3.9-8, 3.9-9). Afar-field intensity pattern is then generated and

displayed (Fig. 3.9-10 through 3.9-12). The plots are then compared to the far-field pattern

recorded on the photon-counter (Fig. 3.9-13).

Using this program, an evaluation of the performance of the array under varying

conditions would be possible. This data could be used to diagnose and correct sub-aperture

alignment errors at the data level. It would also serve as baseline data for the phase-

closure, CLEAN, and MEM algorithms in the absence of lower resolution data from

alternate sources, such as the Hubble telescope. Further development continues on the

program code to allow the modeling of jitter and higher-order aberrations of the sub-

aperture optics (Ref 3.9-7).
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Figure 3.9-9:
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4.0 Communications

LOLA's communications system was designed for continuous, real time communica-

tions. This report is broken down into two sections, relay satellite orbit selections and

satellite link analysis.

4.1 Network Selection

Three network types were studied, a lunar surface link from the lunar far-side to a

near-side direct transmitter, three satellites in polar orbits spaced at 120 degrees

intervals, and one satellite placed in a halo orbit.

The lunar based network consists of either a microwave link similar to Earth based

microwave hnks or fiber optic link between the LOLA array and a near-side transmitter.

This link, when regarding the near-side transmit station as part of another lunar base,

would be the ]east expensive.

The problem with the lunar based link is initial implementation and subsequent

bruited usefulness. It would be in the best interest of the construction teams to have

communications upon landing. This is not possible with the lunar based link since

thousands of kilometers of fiber optic cables or tens of microwave towers must be

constructed prior to communications estabhshment. The second weakness of this network

is its limited capabilities. The link would be dedicated solely to LOLA. Since the rest of

the far side will be explored, a communications network for lunar rovers and other vehicles

must eventually be established. Once this system is estabhshed any previous single

purpose lunar link would be obsolete.

The next two options, three satellites in polar orbit or one satellite in a halo orbit,

would both give sufficient coverage of the lunar far-side and link the lunar observatory to

an earth relay satellite in real time. These two options were further compared on the basis

of cost and rehability. The polar orbit was found to be lacking in three areas. First, the

polar orbit requires three satellites at higher initial delta-V than the halo orbit. Second,

each satellite would have to be tracked and a different satellite would have to be acquired

every 12 hours. Tracking is not required in the halo orbit since the satellite will always

be in the beamwidth of the lunar station. Third, the polar orbit satellites would have to

incorporate complex tracking and pointing mechanisms to maintain link with Earth and

the lunar base.

Using a halo orbit has none of these difficulties and the halo orbit satellite's

antennas would always include the lunar base and the Earth in its beamwidth. (Fig. 4.1-

1) Thus, the halo orbit was chosen. The halo orbit is centered at the 1,2 hbration point

of the Earth-moon system. (Fig. 4.1-2) The L2 point is one of five Lagrange points in the

Earth moon system. These points are found by solving the "three body problem", the three

body problem being the relative strength of the gravitational field around a system of three

bodies due to those three bodies. The L2 point is at a mean distance of 64,500 km above

the lunar surface. According to the Lagrange equations it is possible to place a satellite

in an orbit about this point. Given a 3500 km radius, this orbit would provide continuous

coverage of the Earth and the lunar far side. This orbit is unstable and requires a

stationkeeping delta-V of 28.5 meters per second (Mps) a year. An additional 103.6 Mps

a year is required for period control. Period control is necessary to ensure the satellite is

not occulted by the moon during its orbit. An additional 7.62 Mps annually is needed for

attitude control. These values were obtained through the evaluation of the equations of

motion of a three body system by Robert W. Farquhar of NASA 1971. (Ref. 4.1) The total

LOLA- VT Space Design Page 78



value of delta-Vis about 25% higher than that of an Earth geosynchronous satellite. The

halo orbit requires both period control and station keeping delta-V. The amounts ofdelta-

V required for these purposes decreases significantly as the initial injection becomes more

accurate. The delta-V required for a first order approximation is six times that for a second

order approximation and twelve that of a third order approximation. Thus initial nominal

path is an important factor in the satellites lifespan. (Ref 4.2)

4.2 Link Analysis

The halo orbit is a realistic, cost-effective orbit for far-side real-time continuous

communications and was chosen for LOLA. Now that there is a relay satellite in place the

link analysis can be calculated for the power and antenna requirements. The link was

analyzed to meet power and antenna constraints for C-band, S-band, X-band and Ku-

band. The four bands were compared based on their power required as a function of

antenna diameter. Figure 4.2-1 a, b and c illustrate this function for each step of the

communication link. The X-band was found to meet all of the power and antenna

constraints. Alink analysis was performed for each step of the communication system and

is shown in Tables 4.2-1 through 4.2-4. The link analysis was based on the need for a 100

Mbps (full-motion video = 50 Mbps) downlink and a 50 Mbps uplink. This link was also

constrained to a worst case carrier to noise ratio of fourteen decibels. A fourteen decibel

carrier to noise ratio corresponds to a bit error rate of 10 .8 without any type of error

detection or error correction. The addition of one parity bit would reduce the error rate to

below that of the picture reconstruction instruments.

Through these calculations the lunar base was found to require a I meter antenna for

both uplink and downlink with power requirements of under 50 watts. This antenna

would cover a beam width of 5 degrees, thus including the entire halo orbit. The lunar

relay satellite to Earth link was based on the 34 meter diameter antennas of the Deep

Space Network. It was found to require a two meter antenna with power requirements

of under 50 watts. Since the power requirement of this satellite is small, multiple channels

could be incorporated into the design for future needs with minimal reduction of the

satellites' lifespan. In fact, since the power requirements are so small a Time Division

Multiple Access system could be set up to incorporate up coverage to 6 lunar stations,

possibly for construction, with minimal effort.

The communications network consists of the lunar base, the lunar relay satellite and

the Deep Space Network (DSN) (Fig. 4.0-4). In choosing the X-band, the communications

system uses highly tested and proven microwave technology; technology that is low cost

and reliable because of its high volume of use. There is no need to move up to higher

frequencies unless the data rate should increase to at least 350 Mbps after compression.

If this were the case a Ku-band would be necessary and possibly a dedicated network of
LEO satellites similar to the ATDRS.

A real time, reliable communications link from the far side of the moon to an Earth

station is possible with today's technology, if and only if, that technology is implemented

in a suitable fashion. The satellite link designed in this paper takes into consideration

the pros and cons of today's technology in order to avoid the need for projections of

futuristic technology.
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Table 4.1-1 Link Analysis from Deep Space Network to Satellite

Frequency X-BAND ....................................9 x IOE9 Hz

Data rate.....................................................50.00 mbps

Bit duration-bandwidth product. .............. 0.60

Bandwidth ................................................... 30 x IOE6 MHz

Antenna diameter ...................................... 2.00 meters

Efficiency ................................................... 55.00 q,

EIRP ............................................................ 48.10 dB W

Gain trans miter ......................................... 54.10 dB

Required transmitter power ...................... 11.20 dB W

13.10 W

Path leasth ................................................. 65 x 10E6 meters

Path Loss..................................................... 205.70 dB

Flux density ................................................ -119.15 dB W/m*m

_O STATION

Antenna diametaz .............................2.00 m

Eff_-iancy .......................................... 55.00 q.

IRtTuetiw area ..................................... 1.73 me_rs sq.

Gain receiver ...................................... 36.90 dB

Theoretical received power ............... -116.77 dB W

i.OSSF_

Station at edle of coverage ............... -3.00 dB

Atmospheric attanumion .................... 0.00 dB

Tracking loss ...................................... 0.00 dB

Losses in reciever before LNA .......... -I.00 dB

Actual received power (FAe) ............ -121.00 dB W

NOISE POWER BUDGET

Bolmnan's constanL .......................... -228.60 dB W/Hz/K

Bandwidth ........................................... 74.77 dB Hz

Tempermre of receiver ...................... 20.00 dB K

Noise power ........................................ -136.00 dB W

Carr_¢ to noise rmio 14.00 dB

Table 4.1-2: Link Analysis from Satellite to Lunar Surface

Frequency X-BAND ...................................I x IOEI0 Hz

Data rate .................................................... 100.00 mbps

Bit duration-bandwidth product. ............... 0.60

Bandwidth ................................................... 60 x IOE6 MHz

Antenna diameter ....................................... 2.00 meters

Efficiency .................................................... 55.00 _,

............................................................ 48.55 d8 W

Oain trsnsmitta: ......................................... 36.00 dB

Required transmitter power ...................... 11.70 dB W

14.60 W

Meters

dB

dB W/m*m

Path length ................................................. 58.5 x 10E7

Path toss ..................................................... 227.80

Flux density ............................................... -137.80

_0 STATION

Antenna diameter ............................... 34.00

Efficiency ............................................ 55.00

Effective sea. ..................................... 500.00 Meters sq.

Gain mnsiver ...................................... 51.50 dB

Theoretical received power ............... -110.80 dBW

LOSSES

Station at edlle of coverage ............... -3.00 dB

Atmospheric et_nuation .................... -1.50 dB

Tracking loss ...................................... 0.00 dB

Lceces in reciever before LNA. ......... -t.00 dB

Actual received power (FAe) ............. -116.30 dB W

NOISE POWER BUDGET

Boltzman's constant. .......................... -228.50 dB W/Hz/K

Bandwidth ........................................... 74.77 dB Hz

Tempertm of receiver ...................... 20.00 dB K

Noise power ........................................ -135.00 dB W

Carrier to _ r_io 14.00 d'B
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Table 4.1-3 : Link Analysis from Lunar Surface to Satellite

Pmquency X-BAND .................................... 1 x 10E10 Hz

Data rate ..................................................... 50.00 mbps

Bit duratinn-bandwidth product ................ 0.60

Bandwidth ................................................... 30 x 10E6 MHz

Anmnna diameter ....................................... 34.00 meters

Efficiency .................................................... 55.00 q=

EIRP ............................................................ 77.20 dB W

Gain transmitter ......................................... 61.50 dB

Required transmitter power ...................... 16.60 dB W
36.60 W

Path length ................................................. 58.5 xlOE7 meters

Path loss ..................................................... 227.80 dB

Flux density ................................................ -109.20 dB W/m'm

_0 STATION

Antenna diameter ............................... 2.00

Efficiency ............................................ 55.00

m

q_

Effective area. ..................................... 1.73 meters sq.

Gain receiver ...................................... 36.90 dB

Tbeorefieal received power ............... -106.70 dB W

L(_SES

Station at edge of coverage ............... -3,00 dB

Atmospheric attenuation .................... -1.50 dB

Tracking loss...................................... 0.00 dB

Losses in reciever before LNA .......... -1.00 dB

Actual received power (FAe) ............ -112.30 dB W

NOISE POWER BUIX_T

Bolt=man's ccmstant. .......................... -228.60 dB W/Hz/K

Bandwidth ........................................... 74.77 dB Hz

Tempermre of receiver ...................... 27.00 dB K

Noise powes ........................................ -126.80 dB W

Canter Io noGe ratio 14.00 dB

Table 4.1-4 : Link Analysis from Satellite to Deep Space Network

Freqm:ncy X-BAND .................................... 9 x 10E9 Hz

Data ra_ ..................................................... 100.00 mbps

Bit duration-bandwidth product ............... 0.60

Bandwidth ................................................... 60 x 10E6 MHz

Antenna diameter ....................................... 2.00 meters

Efficiency .................................................... 65.00

F_JRP............................................................ 48.10 dBW

Gain mmsmitter ......................................... 54.10 dB

Required transmitter power ...................... 17.20 dB W
52.30 W

Path length ................................................. 65 I 10E6 meters

Path loss.....................................................208.70 dB

Flux density................................................-119.15 dB W/m*m

_G STATION

Az_unn dlamezer ............................... 2.00 m

Efficiency ............................................ 55.00

Efl'ecti'-m seea ......................................1.73 meters sq.

Gain receiver......................................36.90 dB

Theoretical received power ...............-116,77 dB W

LOSSES

Station at edge of coverage...............-3.00 dB

Atmospheric attenuation...................0.00 dB

Tracking loss ...................................... 0.00 dB

Losses in reciever before LNA ..........-I.00 dB

Actua_ received power (FAe) ............-121 .O0 dB W

NOISE POWER BUDGET

Boltzman's consUmt. .......................... -228.60 dB W/Hz/K

Bandwidth ........................................... 74.77 dB Ez

Temperrum of receiver ...................... 17.00 dB K

Nobe power ........................................ -136 00 dB W

Carder 1o noise rmio 14.00 dB
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5.0 Powering the Lunar Interferometer
The power system analysis was performed considering that the power system would

be autonomous, with no power from a lunar base. In order to make comparisons between

power systems, the interferometer power requirements needed to be determined. These

electrical requirements were:

Table 5.0-1 Power Requirements

Communication

Instrumentation, computers

Instrument coolin_ system

Telescope motors

Telescope shields

II Laser metroio_y

| Delay lines

II Subtotal

| Contingency 25%

500W, 24V

2000W

1500W

1350W (50W/telescope)

400W

1500W

500W

77sow I
1938W I
_._':_.__:_::_._'_._'_:i_i:::_"::__::_:::_._::::::_:_::: :_:_i_._i:::::::::i_::i_iiiiiii :_i::::::::::i:::::::::::::::::::::::::::::::::::::::::::I

Three types of power systems were investigated to fulfill these power needs; solar

array/regenerative fuel cells (RFC), Dynamic Isotope Power System (DIPS), and the Topaz

nuclear reactor. The system design restraints considered were the mass of the power

system, life cycle, reliability, and the required construction intensity, or the amount of

construction needed to place the power system.

5.1 Topaz Nuclear Reactor

Topaz II is a thermionic nuclear power plant purchased from the former Soviet

Union by the United States government to provide a working baseline system for the

developing United States space nuclear power system program. A thermionic reactor was

selected over a conventional thermoelectric reactor for the following reasons: 1) higher

efficiency, 2) smaller radiators, 3) lower system mass, 4) appropriate conversion technol-

ogy from 10s to 100s ofkWe (Ref. 5.1-1). Also, below 100 kWe, thermionic reactors provide:

1) survivability, 2) safety, 3) reliability (Ref. 5.1-2). Another advantage of using the

TOPAZ system is that the TOPAZ I and TOPAZ II technologies have been demonstrated,

and TOPAZ I has been space qualified.

Thermionic energy conversion is accomplished by the generation of heat, Qe, from

a nuclear fuel source. This heat then produces electron emissions from a substance known

as an emitter. These electrons strike a collector, producing a power output of Qe-Qc to the

load and waste heat, Qc (Fig. 5.1-1) (Ref. 5.1-2). The nuclear fuel source is an array of

removable uranium oxide fuel elements with a zirconium hydride moderator. The nuclear
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reaction is controlled with boron carbide absorbers mounted on beryllium reflector

rotating control drums. The emitter is a single crystal molybdenum alloy with CVD

tungsten coating and the collector is constructed of molybdenum alloy with aluminum

oxide coating (Fig. 5.1-2) (Ref. 5.1-3).
Some of the most important TOPAZ II system parameters include: operational

lifetime, 3 years; electrical power at the reactor, 6 kWe; thermal power, BOL (beginning

of life) 115kWth, EOL (end of life) 135kWth; system mass, 1061 kg; radiator area, 7.2 mS;

and radiator emissivity, 0.86 (Ref. 5.1-4). The TOPAZ II is attractive because of its comp act

size and low mass. However, there is concern about reactor radiation emissions. This

radiation could interfere with the array and is dangerous to the astronauts.

5.2 Dynamic Isotope Power System (DIPS)
DIPS is based upon two previous NASA ventures, the radioisotope thermoelectric

generators (RTGs) used to power satellites such as Galileo and Ulysses, and Brayton cycle

technology developed in the past few years. For our purposes a 2.5 kWe DIPS was

considered. Therefore 6 units will be required to meet the 10+ kWe electrical power

requirement resulting in a total mass of 2142 kg. A single unit of higher capacity could

be used with a slight decrease in weight. However the modular approach offers some

reliability improvement and lends itself to modification in case of power requirement

changes (Ref. 5.2-1).

In order to generate power, DIPS uses the radioisotope (Pu 238) as its heat source

in a closed Brayton cycle. The isotope heats an inert gas working fluid of Xe-He(NW 60),

which is expanded through a turbine (Fig. 5.2-1). A simplified CBC cycle diagram and

entropy cycle are shown in Fig. 5.2-2. It contains no contacting moving parts and only one

moving part. The turboalternator rotor is suspended on non-contacting working fluid gas

foil bearings and there are no contacting seals or brushes, which makes it attractive.

Another advantage of the DIPS is in its method of fueling. Since the fuel is contained

in a modular removable Heat Source Unit (HSU) the DIPS can theoretically be used for

up to 50 years. The life of the DIPS, however, also depends on the life of the mechanical

system which is estimated at 3 years. Each HSU is designed to produce enough heat to the

power converter to generate 1 kWe. For the 2.5 kWe design three HSUs are placed in

parallel producing a low pressure drop heat source assembly.

As for testing and space flight qualification, the DIPS system is very similar to the

flight proven technology of the RTG which reduces the need for costly testing with no loss

in safety or increase in risk. DIPS is also attractive because of its low downtime, less than

7 hr/yr (Ref. 5.2-2). However, DIPS would require special handling during activation and

shielding would be required to protect the astronauts and instrumentation from radiation.

The layout of the 2.5 kWe DIPS is given in Figure 5.2-3.

5.3 Solar

Solar power has been used for many space applications. Photovoltaic cells make up

the solar panels which produce electrical energy. They have proven their reliability in

space. There are several different types of solar cells, of these the Gallium Arsenide (GaAs)

and the Indium Phosphide (InP) cells are more immune to high levels of radiation which

the cells would face on the moon. Solar cells can be deployed in either flat plate PV arrays

or with concentrators. Concentrators can raise the power output, but at the same time they
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will add weight to the system and complicate installation and controlling of the array. In

order to be most effective the solar array would have to have two degree freedom of motion.
This would require motors to move the array, adding to the complication of the system and
its assembly. Also, since the interferometer will be operating during the fourteen day
lunar night, regenerative fuel cells or batteries would be needed to store the power, which
would add to the mass of the system. The storage subsystem for a lunar solar power system
accounts for more than 95% of the total system mass (Ref. 5.3-1). It is estimated that for
a 10 kW array the total mass would be about 4200 kg (Ref. 5.3-2). This along with the fact
that the lunar dust, micrometeoroids, and space radiation contribute to the reduced
efficiency and output of the array makes solar power unattractive.

5.4 Trade Studies

A comparison of the three power systems is presented in the following table. Based
on the available data the power system for the interferometer will be the DIPS. It has the
highest energy output per unit mass (7.0 W/kg) and is compact. It involves less construc-
tion than the solar array, and less shielding than the TOPAZ II reactor. It also has
relatively high reliability and a decent lifetime.

Table 5.4-1 Power System Comparison

System

DIPS

[Solar

TOPAZ

Power

Output
(kWe)

15

7 W/kg

10

2.4 W/kg

12

5.7 W/kg

Mass

(kg)

2142

4200

2122

Life

Cycle
(years)

3

10

3

Construction

Intensity

moderate, may
need special

handling, compact

requires

significant
construction

compact, not
much setup

needed

Misc.

needs radiation
shield

dust, micro-

meteoroids,
radiation

degrade cells

radiation from

!the reactor

dangerous
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Table 5.4-2 Power System Quantifications

Quantification

Mass

Efficiency

(BOL/EOL}

Size

TOPAZ

2122 kg

5.2/4.4

3.9 m high

1.4 m dia

DIPS

2142 kg

25/20

4.47 m x

2.3 m x

0.4 m

SOLAR

4200 kg

19/15

i0 m x

io m

5.5 Radiation and Thermal Shielding
Two primary concerns in the use of a power source employing radioactive decay as

the primary heat source are radiation and thermal shielding. Since the interferometer will

be operating in some areas of the infrared spectrum, the injection of thermal radiation in

the vicinity of the array would corrupt the signal. The instruments are extremely sensitive

and any electromagnetic radiation could damage the instrumentation. Also, because the

interferometer requires periodic human servicing, radiation protection is essential.

Several radiation shielding options were investigated, including digging holes, walls of

lunar regolith and other structures. These are discussed in detail in the construction

section.

5.6 Lunar Dust
Buildup of lunar dust on the power system radiator surface causes degradation in

radiator performance. A Kapton Dome dust cover, 25 meters in diameter, will cover the

critical heat transfer surfaces. The dust cover is designed for deployment with minimum

astronaut involvement, and is simply inflated and back-filled with structural foam 0_ef.

5.6-1).

5.7 Power Transmission
Microwave transmission was investigated as a means of transmitting power.

However, the low transmitting/reception efficiency of 30% (Ref. 5.7-1) and the construction

of towers at each telescope site to receive the beamed power made microwave transmission

more complicated. The design of electric transmission lines for use on the lunar surface

must take into account not only the cost of transportation and assembly, but also many

important environmental parameters. It is very important to consider the effects the lunar

environment will have on the transmission line(s) (materials, geometry, location, etc.).
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The transmission lines could be suspended above, laying on, or buried beneath the lunar

surface. Each option has its advantages and disadvantages.

The major lunar environment characteristics that will influence transmission line

design are low gravity, vacuum, temperature, radiation, and characteristics of the soft. The

fact that lunar surface gravity is one sixth that of Earth's gravity means fewer support

structures are required for suspended lines. Since there is little to no atmosphere on the

moon, the atmospheric pressure ranges from 10 .6 Pa during the day to 10 "1° Pa at night

which means that vacuum insulation techniques of the lines can be used if low pressure

is maintained. The temperature changes dramatically from up to 350 K during the day to

as low as 100 K during the night. This extreme temperature gradient can damage the

insulation as well as cause the line to expand and contract. On the lunar surface charged

particles, solar cosmic rays, and galactic cosmic rays reach the surface unimpeded. This

radiation could damage the insulation in the transmission lines. Finally, the soft has low

thermal conductivity ranging from 10 "_to 10 .4 W/cm-K which makes the cooling of buried
transmission line difficult.

The insulations considered for the transmission lines are solid-dielectric or vacuum.

The solid dielectric could be TFE, a fluorocarbon commonly used as an insulator because

of its relatively good mechanical and physical properties. Compared to solid dielectric

materials, vacuum insulation, such as in particle accelerators and electronic tubes, has a

very high breakdown strength, is less affected by the thermal effects and radiation on the

surface, and has a lower mass which tend to make it the better insulator. However, little

work has been done to simulate the lunar environment and determine the total effect of

all the environmental stresses on dielectric materials. Therefore an optimum choice

cannot be made until experiments have been conducted concerning the lifetime and

reliability of the insulation under lunar environment conditions.

Where the cables are placed also determines the effects the lunar environment may

have on the transmission lines. If the lines are located above the surface they can be easily

accessed for repair and maintenance, but are also directly exposed to the lunar environ-

ment. Dielectric materials are especially susceptible to damage at low temperatures.

Therefore it may be necessary to warm above ground dielectric insulated transmission

lines through load control to keep the lines at relatively constant temperature during the
lunar night. To reduce the damaging effects of the environment vacuum insulation could

be used for reasons stated above. The transmission lines could also be placed directly on

the lunar surface. This may not be the best option because the characteristics of the soil

may result in electrostatic charging of the lunar dust which might contribute to electrical

breakdown. Burying the transmission lines will protect them from the lunar environment

and keep them out of the way. On the other hand, the fact that the lunar soil has low

thermal conductivity results in high operating temperatures for high power loss per unit

length lines. Therefore buried transmission lines are only possible for small power loss per

unit length lines (less than a few W/m). The requirement of equipment to bury the lines,

and difficulty in accessing the lines are also significant drawbacks to burying the lines.

The materials that are considered for the conductor material are copper and

aluminum. Copper provides a lower volume, lower resistivity, and good ductility. On the

down side it is about twice as heavy as aluminum. The density of aluminum is about 2700

kg/m 3 while that of copper is 8900 kg/m 3. This is a major drawback of copper for space uses.

Aluminum tends to be soft and difficult to connect, but its cost and mass are substantially

lower than that of copper. Using aluminum transmission lines appears to be the best way
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to proceed. If these lines were suspended above the lunar surface they would be exposed

to thermal expansion. This means that the lines will "sag" a bit during the lunar day and

contract during the lunar night. Slack must be designed into the suspension system to

account for this "sagging." Using the relationship d T = a(dT)L (Ref. 5.7-2) where d_ is how

much the wire elongates, a is the coefficient of thermal expansion, dT is the temperature

change, and L is the length of the line the amount the line expands can be calculated. For

aluminum alloy 2014-T6 (has the highest ultimate and yield strengths of the aluminum

alloys) the coefficient of thermal expansion is 2.3 x 10 .6/degree C. For a temperature

change of 310 degrees C and a line length of 100 meters, the line elongates only 0.0713

meters. So about 10 centimeters of slack when suspending lines during the lunar day

should be sufficient to prevent tension between the supports during the night. The height

of the supports depends on how high the lines need to be to be out of the way to keep from

interfering with the operation of the array.

In conclusion, unless aluminum lines present too much difficulty in connection,

they will be used for their reduced mass compared to copper and therefore reduced cost.

The transmission lines will be laid on the surface unless there is a great need to suspend

them to keep them out of the way. Laying the lines on the surface requires the least work.

Plates can be laid over the cables enabling lunar vehicles to pass over them without

disturbing them. Vacuum insulation should be used to obtain the best performance under

the lunar environment conditions. The lines will be carrying approximately 1000 volts,

requiring a line diameter of about 1 mm of aluminum wire. To connect all of the array

elements and the power supply approximately 14 km of line will be needed. Power

converters will also be needed to divide and regulate the power. At least one at the power

source and another near the central hub of the array to divide and transmit the power to

the arms of the array.

5.8 Conclusions

The lunar interferometer will require about 10 kWe power for operation. The DIPS

along with conventional transmission lines is the most practical and cost effective means

of achieving this power output. Since the interferometer will be deployed in three stages,

the power system can be deployed in stages, which is possible due to the modular design

of the DIPS. With the six DIPS systems in place if one of them goes down, the other five

would provide enough power for the interferometer. The chance of two or more going down

at the same time is minimal.
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6.0 Structures

6.1 Telescope Structure
The LOLA telescope structure has several primary functions. These include struc-

tural stability for the optics, physical shielding from micrometeorites, dust protection, and

radiation protection from the sun and the lunar surface. Several options were studied to

determine the best design for these purposes. A final design was selected after a series of

trade studies in mass, cost, size, and overall performance.

6.1.1 Design Options

The four designs studied are shown in Figure 6.1-1. Configurations i and 2 are both

symmetrically supported, while configurations 3 and 4 are the same asymmetrical design,

with and without a counterweight. The supporting base is the same for all four designs,
and the motors and bearings are similar for each. The designs were compared on the basis

of mass, size, cost, optical performance, simplicity, reliability, and stability. These

considerations were weighted to show relative importance, with optical performance,

stability, and mass being the most important, as compared to size, cost, and power

required. For each characteristic being studied, each design was ranked from 1 to 4 (1
being worst, 4 being best). These rankings were multiplied by the appropriate weight

factor and totaled to determine an overall rating for each design. The results of these
comparisons are shown in Table 6.1-1, and show clearly that configuration 3, the off-axis

design without the counterweight, is the optimum design based on these characteristics.

However, a static analysis performed on this design revealed that the center of mass (cm)

is not at the center of the support cylinder. To move the cm to the proper location, andhence

create a stable structure, a counterweight must be used. Thus, configuration 4 is the LOLA

design.

Table 6.1-1: Telescope Options Decision Matrix

Characteristic

No. of Mirrors

Geometrical Stability

Weight
Factor

i

10

#1
Square
Support

4

#2

Y Support

#3
Cantilever

Support

#4
Cantilever

with

Counterweight
4

Mass 7 2 4

Reliability 6 3 3 4 4

No. of Components 6 1 2 4 3

Size 3 2 1 4 3

Cost 2 2 1 4 3

Power Required 1 4 3 1 2

TOTAL 8994

Ranking:

145

<-> 4 (1 is worst, 4 is best)

136
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6.1.2 Main Structure Design
The telescope structure is shown in Figure 6.1-2. The main components are the optical

cylinder, cantilevered cylindrical side arm, support cylinder, counterweight, motor cham-

ber, and base. Figure 6.1-3 shows a 2-dimensional cross-section of the side arm and

support cylinder, exposing the internal mirrors, motors, gears, and bearings. Figure 6.1-

4 gives a 3-dimensional color view of this cross-section.

The optical cylinder contains the primary, secondary, and fold mirrors and their

supports. The side arm is surrounded by a sleeve containing the arm bearings, just as the

base of the support cylinder is surrounded by a sleeve and the base bearings. The support

cylinder contains the fourth mirror and support, and the arm motor to control the rotation

of the side arm perpendicular to the lunar surface. Reinforced webs connected to this

cylinder help support the side arm. The motor chamber contains the main motor and gears,

and amplifiers for the arm and base motors. Extending out from the bottom of the motor

chamber is the support for the fifth mirror. It is a rectangular piece with an open front to

allow the light beam to pass out of the telescope. PZT or ceramic actuators are located

behind the fifth mirror for fine positioning. The four base legs were designed to allow

clearance under the telescope to account for the 30 cm of dust rising during the shift from

lunar day to night, as well as extra clearance for dust rising due to micrometeorite impact.

Overall, each telescope is 5.85 m high and 4.705 m wide, with a 4.5 m base diameter.

The total mass, including mirrors, motors, and bearings, is 1882 kg. Each telescope has

a full range of motion about two axes (altitude and azimuth).

6.1.3 Telescope Footing
The footings of the telescope will be shaped like spudcans found on offshore jack-up

drilling rigs (Fig. 6.1-5). In laboratory tests in simulated lunar soil at the University of

New Mexico, the spudcan footing exhibited greater penetration than rectangular footings

with the same eventual stability and stiffness (Ref. 6.1-1). Spudcan footings are usable in

a variety of soils and are self-installing. This translates into minimal construction effort,

a very important factor in an environment where EVA activities must necessarily be

limited. Greater penetration also allows for greater lateral stability than the rectangular

footing. This will be of primary importance for resisting man-made influences such as

surface movements and lander take-offs, rather than for general stability since the lunar

Figure 6.1-5: Spudcan Telescope Footing
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Figure 6.1-2: LOLA Telescope 2-Dimensional Views
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surface itself is naturally stable. These footings are filled with lunar regolith to increase

their stability, and then driven into the soil by vibratory pre-loading. The specialized

installation equipment required does mean greater mass to transport to the lunar surface.

However, some transport mass will be saved because the footings will be filled with

regolith. Over the course of 27 telescope installations, the amount of time saved by the

equipment will justify any mass trade-off.

Using the 40 kPa bearing capacity estimate of the lunar surface and a safety factor of

1.5, each telescope footing needs to be 0.216 m in diameter, assuming a flat plate footing

(Ref. 6.1-2). Since the spudcan is pointed downward the exposed surface area of the true

footing is greater than that of a flat plate, and therefore a smaller footing will suffice. The

exact shape of the footing will be optimized for the particular lunar location and the exact

size will be determined from this.

6.1.4 Motors and Bearings

Torque motors will be used for both the arm and the base rotation, because they allow

for "infinite precision" positioning of the telescope. Both motors axe determined by the

minimum size allowable, rather than by torque requirements, since the required torque

is extremely small (Table 6.1-2). This required torque was determined using the mass

moments of inertia of the telescope in various positions, and the required acceleration of

the motor, to yield _ = I a. Sample calculations are shown in Appendix 6.1-1. A frameless

torque motor will be used for the arm (Ref. 6.1-3). It is shaped like a disk, to allow the shaft

containing the light beam to pass through its center. This motor should weigh between 3

and 5 kg. The base motor does not need this specific shape, so it will be a general torque

motor of similar size. This motor turns gears which rotate the support cylinder.

The bearings in both the arm and the base are required to be extremely rigid for

stability. The arm bearings are a frequently-used commercial type. They will have to be

specially sealed for use on the lunar surface. These bearings should weigh approximately

Table 6.1-2: Torque Requirements for Telescope Motors

Acceleration Requirement: 180" in 10 min., with S min.
acceleraUon, 5 rain. deceleration; alpha - 1.745E-5 rad/secA2

Arm Motor:

Moment of Inertia of applicable members: I - 888.737 kg-mA2

Torque required: T = 0.0155 N-m

Moment of Inertia of applicable members: I = 3912.838 kg-mA2

Torque required: T = 0.0683 N-m
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70 kg, and must extend along the length of the 19.5 cm sleeve. Similarly, the base bearings
need to extend along the length of a 20 cm sleeve, andhave a 77 cm inner diameter. These

bearings will have to be specially designed because of the extremely large inner diameter

required.

6.1.5 Structural Analysis

Once the final design was chosen, an in-depth structural analysis was performed on

the structure. Equations for critical buckling stress and bending stress, shown in

Appendix 6.1-2, were taken from Gerard and Becker (Ref. 6.1-4). Equations for applied
stresses are also shown in Appendix 6.1-2 (Ref. 6.1-5). For the buckling stress, a '_nock-
down" factor of 0.4 was used, because experiments have shown that actual structures fail

before the critical stress is reached (Ref. 6.1-6). For members under both buckling and

bending, a bending/buckling interaction curve was used to verify that the member would

not fail (Ref. 6.1-7).
After this analysis was completed, a deformation analysis was begun on the telescope

components. The cantilevered side arm and the main support cylinder, due to their
geometry and unique loading, require finite element analysis and physical testing in a
laboratory. This analysis was not performed due to facility limitations, but would need to
be completed before deployment of the telescope. The analysis of the support rods for the
secondary mirror and the legs of the structure was completed using beam theory.

Equations for this are in Appendix 6.1-2 (Ref. 6.1-8). The desired tolerance was on the
order of a few nanometers, but size and weight restrictions on these components caused
this tolerance to be relaxed. Results of these analyses yielded deformations of 91.4 _m in

the legs, and 5.964 _m in the support rods. Both deformations are acceptable, however,
because the array calibration will be performed after deformation has occurred.

6.1.6 Materials Analysis

All structural elements, except for the mirrors, are constructed of a boron/epoxy

laminate, 102 / ±45 I. For each main layer of this laminate, the top two sublayers run in
the x direction, the third is at a 45 ° angle, and the fourth is at a -45 ° angle. As found in

Agrowel (Ref 6.1-9), the density of this laminate is 1.49 x 103 kg/m 3, and the coefficient of
thermal expansion is -0.36 x 10 _/K (Ref. 6.1-9). This implies minimal shrinkage, rather

than expansion, of the material during periods of extreme temperature exposure.
Boron/epoxy was chosen because of its high strength and low density in comparison

to other common space-usage materials. Table 6.1-3 shows a rating of various materials,

taken from Nicolai (Ref. 6.1-10). For the purposes of the LOLA telescopes, boron/epoxy and

graphite/epoxy ranked the highest (where H represented the highest rating). Boron/

epoxy, though more expensive than graphite/epoxy, was selectedbecause of the outgassing
difficulties associated with graphite/epoxy on the lunar surface (Ref. 6.1-11). In reference

to the higher costs of the composites as compared to other materials, the decreased weight,
and therefore launch costs, counter the increased price. Figure 6.1-6, taken from

Reference 6.1-12, supports the choice of boron/epoxy based on strength, thermal expan-

sion, and weight.
Metal matrix materials have the potential of providing extremely lightweight compo-

nents exhibiting very high strength, stiffness and wear resistance with improved elevated
thermal properties. Achieving this potential is currently restricted due to the limited

understanding of the design and manufacturing techniques required for metal matrix
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Table 6.1-3: Telescope Materials Ranking

Specific Specif¢ Temp. Con_ion Fatigue Repair- Fabric- Mat4mal

Material Weight Strength SUffneu Limit Resistance Resistance Ibllity ability Cost

AI alloys M M M L L M H H H

Steel alloys L M M H M H M M H

T1 alloys M M M H M M L L M

H M L L H H H H H
E-Glus/Ep

H H L L H H H H M
S-Glass/Ep

H H H L H H H H L
Boron/Ep

H H H L H H H H L
Graphite/T..p

M M H M L M M L L
Boron/_J

H H H M H H M M L
Boron/PI

ABS H L L L M M M H H

The rankings are all relative to the other materill syst.em% Ind In) u follows: H - high, M - medium, L - low.

material fabrication; however, this area is a prime candidate for future technological

development and should be reviewed before array construction (Ref 6.1-13).

6.2 Primary Mirror Structural Analysis

6.2.1 General Specifications
The primary mirror has a 1.5 m aperture with a 25 cm central hole diameter to allow

for a shaft to support the fold mirror. The focal length will be 3.692 m, and the mirror is

parabolically shaped. The shape is described by the equation h 2 = 2rz, where r = 7.384. '_i-I"

is the distance from the optical axis and "z" is the height above the axis. Surface finish

requirements have been set to k/100. The mirror is a honeycomb support type made of

Schott Glasswork's Zerodur glass material. The mirror mass is 197.21 kg. Boron/epoxy

supports are required underneath the mirror to reduce possible deflections. The supports

weigh approximately 20 kg. Structural calculations have been made using a circular-

annular method and maximum deflection of the mirror due to self-weight on the moon has

been calculated at or below 3 nm dependent upon radial location. Mass calculations and

deformation calculations are given in Appendix 6.2.

6.2.2 Mirror Material

Several materials were considered for construction of the primary mirror. The three

materials used most often in the optics industry are borosilicate glasses, Corning's U.L.E.

glass, and Schott Glasswork's Zerodur glass. The material properties for these glasses are

given in Table 6.2-1 (Ref. 6.2-1). The most important propertyin an optical mirror material

for this moon-based application is a small coefficient of thermal expansion (CTE). This

parameter predicts linear expansion due to temperature gradients. Because the tele-

scopes will operate on the moon, where there is a considerable temperature gradient

between lunar night and day, a very low CTE is required. Another important parameter
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in the selection of mirror material is Young's Modulus, which is directly related to the

stiffness of the material. Because the acceptable permanent deformation of the mirror

under its own weight is only in the nanometer range, a high modulus of elasticity is

required. Schott Glasswork's Zerodur was chosen over borosilicates and U.L.E. primarily

because of the low CTE and high modulus of elasticity. One of the main advantages of

Zerodur is the near-zero CTE that is attainable by controlled thermal treatment. Zerodur

is a two phase glass ceramic with negative CTE for the crystal phase and positive CTE for

the residual glass phase. Controlled thermal treatment can adjust the phase mixture of

the material and therefore adjust the CTE (Ref. 6.2-2). The only real disadvantage of

Zerodur is the higher density. This high density can be countered by the low-mass

honeycomb construction technique discussed in the following section.

6.2.3 Mirror Types and Fabrication Techniques
Three main methods of primary mirror fabrication exist today. The areal weight

density (W/A) is the most important parameter to consider when choosing a mirror

construction type. Estimations of the areal weight density for each of the fabrication

techniques are given assuming Zerodur as the chosen material and a 1.5 m aperture

length.

Segmented mirrors are small and easier to build and support than a one-piece mirror,

but they also introduce complexity to the fabrication. They must be ground to a very

specific shape and must be aligned precisely with the other segments. This requires

motorized controllers that add much weight to the overall system. A 1.5 m diameter mirror

would typically be dividedinto 25-30 cm hexagonal point-to-point segments with thickness

of approximately 5 cm for this application. The areal weight density for this technique is

estimated to be 126.5 kg/m 2. The motorized actuators would add substantial weight to the

mirror system.

Another type of mirror is the thin-meniscus mirror. This mirror is one piece of

Table 6.2-1: Mirror Material Properties

MATERIAL

BOROSILICATE
GLASS

CORNING
U.L.E.

SCHOTT
ZERODUR

CTE x 10 e

(K ")

3.0

0.03+0.06

-0.03:L-0.05

DENSITY
(kg/m s )

2350

22OO

2530

YOUNG'S
MODULUS

x 10s (N/mm =)

68

66

91

POISSON'S
RATIO

0.20

0.17

0.24

THERMAL
CONDUCTIVITY

(W/mK)

1.13

1.31

1.60

SPECIFIC
HEAT

(Ws/kgK)

1047

770

821
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constant thickness. The mirror is so thin thatitcannot support itsown weight, therefore

mechanical actuators are required tobend the structureto itscorrectshape. While this

option provides the most active controlover mirror shape in case any correctionsare

needed, itisalsothe heaviest and most complex optiondue tothe largenumber ofactuators

required for axial and lateralsupport. Refer to section3.9,Image Reconstruction,for

mirror piston and tilterrorinformation. For our application,a thin meniscus thickness

estimate is2-3 cm. The arealweight density in thiscase isestimated to be 63.3 kg/m 2.

Again, substantial actuatorweight must be added into thisestimate.
The thirdtype ofmirror fabricationand the one that has been chosen forthisdesign

isthe honeycomb structure.The honeycomb mirror isthe lightestavailablebecause the

whole structure is about 75% air due to the hollow hexagonal honeycomb support

structure.This type ofstructureutilizesa technique called"spin casting_'which involves

pouring molten glassinto a circularmold insidea large spinning oven. The structureis

comprised of two thin layers of mirror substrate with glass honeycomb supports sand-

wiched between. The honeycomb structurewithin the mirror blank isformed by hexagon al

blocks that are attached to the bottom ofthe mirror mold. The blocks are pre-shaped to

the desiredmirror curvature. The mold isfilledwith liquidmolten glassto a levelabove

the blocks to form the top surface. Because the hexagonal blocks are pre-shaped to the

desired mirror curvature, much less grinding is required for the final outcome. For

example, scientists from the University of Arizona Steward Observatory spin-casted a

honeycomb mirror of 1.8 m diameter. The amount of glass removed through grinding and

polishing in this case was about 120 kg. If the mirror had been fabricated out of a
conventional flat solid mirror blank, 15 to 28 metric tons of glass would require removal

(Ref. 6.2-3). Once the mold is filled it is placed in a glass furnace mounted on a rotating
platform so the free surface can be spun to the required curvature. The surface of the

mirror is paraboloidal with focal length dependent upon the angular velocity of the
rotating platform. Spin-casting furuaces are in existence today for mirrors with apertures

up to 8 m, so a 1.5 m diameter mirror can be easily accommodated within current
technology. Actuator support is not likely to be needed for this structure because the

increased thickness of the honeycomb results in smaller deflections (Refer to section 3.9).

A honeycomb mirror for the LOLA application will have top and bottom substrates of 1-
3 cm with a honeycomb thickness of 15-20 cm. The areal weight density for a Zerodur 1.5

m honeycomb mirror is 27.6 kg/m 2. Because this mirror type does not require additional
actuator support, the areal weight density is clearly the best for this fabrication technique.

6.2.4 Mirror Coating

Because the function of the primary mirror is to reflect light, a reflective mirror coating

is required. The Zerodur by itself would act as a high quality lens, as the material has a
high transmissivity. For this reason, a thin metallic reflector film must be applied to the

highly polished Zerodur substrate. A graph of reflectance versus light wavelength is given

in Figure 6.2-1 for several reflector coatings (Ref. 6.2-4). The gold and silver dielectric

overcoat films give the best reflectance in IR range. The exorbitant cost of gold films
removed them from comparison, and resulted in analysis of only silver and aluminum

coatings. The performance of silver and aluminum for this application at the required

resolution were plotted against each other and were presented in section 2.1. On the basis
of percent loss in the system (assuming the same coating is used for every mirror in the
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Figure 6.2-1: Coating Reflectance vs. Wavelength

system), a silver dielectric coating was chosen as the reflector film. Silver has an average

of 98-99% reflectivity beyond 500 nm (Ref. 6.2-4).

6.2.5 Mirror Dimensions
A schematic with dimensions for the mirror is given in Figure 6.2-2. The mirror

diameter is 1.5 m and the center hole is of 25 cm diameter. The basic honeycomb structure

is depicted in both top and side views. The overall thickness of the mirror at the outermost

diameter is 20 cm. This thickness was chosen based on decreased deflection discussed in

section 6.2.7. The maximum sagitta at the center of the mirror is approximately 3.8 cm as

determined by the paraboloidal mirror equation given in section 6.2.1. The thickness of

both the top and bottom substrates is 2.0 cm each.

The honeycomb supports comprise the rest of the thickness, which means the

outermost supports are 16.0 cm long and decrease in length (by approximately 3.8 cm) from

the outer edge to the center of the mirror. The hexagonal support dimensions were

designed with the central hole in mind. The side dimension is 15.25 cm which means the

top to bottom dimension is 26.42 cm, and the side to side and diagonal dimensions are 30.5

cm.

The boron/epoxy mirror support structure is shown in Figure 6.2-3. Supports were

deemed necessary due to the maximum deflection calculations performed and discussed

in the next section. The supports will rest at the bottom of the optical housing cylinder.

The supports are all circular and are a total of 30 cm high. Concentric circular rings 1.0

cm thick are placed at the following radii stemming from the inner central hole: 0.1250

m, 0.2292 m, 0.3333 m, 0.4375 m, 0.5417 m, 0.6458 m, and 0.7500 m. Cone-like boron/

epoxy supports extend from these rings to the outer structural ring as depicted in Figure

6.2-3. These supports are braced at the outer rim for increased structural support. The

thickness of these supports is 2.0 mm. The circular nature of these supports allows for

storage space at the bottom of the optical housing cylinder for future applications.
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Figure 6.2-2: Mirror Dimensions
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Figure 6.2-3: Boron/Epoxy Mirror Support Structure
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6.2.6 Mirror Weight Calculations

Structural weight calculations have been made and are included in the sample

calculations of Appendix 6.2. The mirror mass was calculated in two parts: the upper 3.8
cm of curvature, and the remaining 16.2 cm of circular cylinder. For the curved portion,
a volume of revolution was used to determine the upper volume. For the cylindrical

portion, the two substrate thicknesses were added to the support height to account for the
overall height. The weight estimation technique usedis to find the weight of a solid mirror
with these dimensions and then subtract 75% of this weight due to the fact that honeycomb

mirrors are roughly three-fourths air (Ref. 6.2-5). The weight for the mirror using this

estimation technique is 197.21 kg. The weight of the boron/epoxy support structure, as
shown in the sample calculations, is 19.62 kg. Total weight of the mirror and support

structure is then 237.89 kg.

6.2.7 Maximum Deflection

Maximum deflection calculations for the primary mirror due to self-weight were

performed using the circular-annular equations for a fiat circular plate simply supported
on the outer rim and simply guided on the inner _.ng (Ref. 6.2-6). The equations used for

this analysis are given in Appendix 6.2. Simple guidance was the boundary condition
chosen due to the 25 cm diameter fold mirror support placed in the center hole. These

equations take into account the thickness of the substrate andhoneycomb added together.
The thickness of the honeycomb support layer had to increase substantially in order to

achieve acceptable inelastic deformation. Results of these calculations are given in Tables
6.2-2, -3, and -4 for three different gravity load scenarios. Symbols used in the table are

explained with the illustration and equations given in Appendix 6.2. Table 6.2-2 gives
calculations of deflections due to the moon's gravity field. Maximum deflection in this case

is approximately 3.0 nm. Table 6.2-3 gives calculations of deflections with a pull of 3 g_s.
This number was chosen to simulate the launch load of a manned vehicle such as the space

shuttle. Table 6.2-4 gives calculations of deflections due to a pull of 6 g's. This number
simulates the launch load of an expendable launch vehicle. These load estimations were

confirmed by Kennedy Space Center's public information department. As can be seen in

the tables, the deflections under these loads are substantially more than those under lunar

gravity, the maximum being 0.01 micrometers for the outermost section ofmixror. Design
engineers at Schott Glassworks have not been able to identify the exact elastic range of
Zerodur, but mirrors and other parts made of Zerodur have been launched for many other

applications, and no permanent deformation has occurred upon launch conditions.
Specific examples include NASA's sp aceborne x-ray telescope AXAF, Germany's spaceborne

x-ray telescope ROSAT, andlaser gyroscopes which guide the navigation of the expendable
launch vehicle ARIANNE (Ref. 6.2-7).

6.2.8 Testing of the Primary Mirror

For the primary mirror to achieve the required k/100 surface finish, many hours of

polishing and grinding are involved. This finishing process will be guided by a null-
corrector test. A schematic of the null-correction technique can be found in Figure 6.2-4

(Ref. 6.2-8). The object of this test is to compare the differences between the actual shape
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Table 6.2-2: Primary Mirror Deflections due to the Moon's Gravity
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Table 6.2-3: Primary Mirror Deflections due to Shuttle Launch
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Table 6.2-4: Primary Mirror Deflections due to an Expendable

Launch Vehicle
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of the mirror dm'ing testing and the desired shape. The null corrector is made up of a lens

and two curved minors and must be specifically designed for the LOLA primary mirror.

As is shown in Figure 6.2-4, light beams reflected from a flat reference n_rror are brought

together with light reflected from the LOLA primary mirror. The light waves in the beams

then form an optical interference pattern. This interference pattern is photographed and

analyzed to determine differences in desired and actual shape. It is important that the null

corrector be set up properly as slight errors in the corrector will lead to sizeable errors in

the final curvature of the primary mirror.
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Figure 6.2-4: Null Correction Techniques

LOLA- v'r Space Design Page 110



7.0 Thermal Analysis and Control
Temperatures in the equatorial region of the lunar surface range from 400 to 90 K

during the lunar day-night cycle. If the structures on the surface are unprotected, their

temperature versus time histories roughly correspond to that of the lunar surface.

However, if the structures are covered by some form of thermal shield, the temperature

variations experienced by the structure can be minimized.

At the time of lunar sunset, the surface temperature is approximately 150 K and

exponentially decays to 90 K during the lunar night (Ref. 7.0-1). As shown previously in

Figure 3.7-3, in order to detect IR signals at wavelengths up to 10 micrometers, all

elements in the optical path must be maintained at a temperature of 77 K or below.

Without either passive or active thermal control, this temperature cannot be reached

during the lunar night.

7.1 Thermal Analysis
The thermal analysis model of the telescope structure has three main components:

conductive heat transfer from the regolith to the telescope support legs, radiative heat

transfer from the regolith to the telescope, and radiative heat transfer from the telescope

to free space. The free space radiation levels correspond to a temperature of 3 to 4 K.

In the Large Lunar Telescope study (Ref. 7.0-1), it was estimated that 98 percent of

the radiative heat transfer from the regohth to the structure occurred within a 100 m

radius of the telescope. This relationship is utilized in the heat transfer analysis for the

LOLA telescope and is detailed in Appendix 7.1-1.

To provide passive cooling during the lunar night each telescope is wrapped in 0.13

mm thick aluminized Teflon multilayer insulation (MLI). This material has an emissivity

of 0.64 and an absorptivity of 0.125 (Ref. 7.1-1). Additional passive cooling is provided

through the use of a 30 layer, 5ram thick MLI surface radiation shield which surrounds

the base of the telescope with an outer radius of 7 m and an inner radius of Im.

A thermal analysis of the telescope structure was conducted for the lunar night.

This analysis includes calculations for heat transfer to the telescope both with and without

a surface shield. Details of this analysis are listed in Appendix 7.1-2. In addition to the

telescope thermal analysis, heat transfer calculations were carried out for the long delay

line mirrors. The same basic model was used in this analysis, with the substitution of the

emissivity and absorptivity coefficients for the mirror material used in place of MLI
coefficients.

7.2 Telescope Shielding

To provide thermal protection for each of the telescopes, a collapsible, hemispherical

dome will be deployed around each during the lunar day. The dome has a radius of 7 m,

which corresponds to a surface area of approximately 300 m s. Figure 7.2-1 shows a

conceptual design for the enclosure and its deployment. It is coUapsible to a height of less

than 30 cm, as the shielding material and frame folds upon itself. The shielding material

is aluminized Teflon MLI which provides a high emissivity and low absorptivity covering

for the dome. With such an enclosure, it has been calculated that the temperature of the

protected telescope can be maintained at approximately 120 K during the lunar day (Ref.

7.0-1). In addition to providing thermal shielding, the dome also protects the telescope
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from dust contamination and provides limited protection from micrometeoroid impacts.

Figure 7.2-2 shows the temperature versus time history of the telescope during the
first five Earth-days of the lunar night. The telescope with the surface shield reaches the

77 K temperature cutoff at approximately 24 hours while the telescope without the surface
shield reaches the cutoff at approximately 30 hours. The same general trend is shown in

Figure 7.2-3 for the delay mirror temperatures. However, because the mirrors will not be
covered during the lunar day, their temperature is approximately 150 K at lunar sunset.
With an MLI surface radiation shield, the mirrors require approximately 30 hours to reach

77 K, whereas mirrors without a surface shield require approximately 36 hours to reach

the same temperature.
Although the time differences in both cases are small, the usefulness of the lunar

telescope array is largely based on the long integration times needed for faint object
detection in optical and IR wavelengths. Because of the relative low cost and low mass of
the aluminized Teflon MLI (Ref. 7.1-1), the surface shielding should be used around both

the telescopes and the long delay mirror structures.
Thermal analysis calculations for the telescope and the mirror structures were

extrapolated to include all buildings on the lunar surface which house elements of the
optical path. Thus, the exteriors of all surface buildings are covered with aluminized

Teflon MLI, and adequate thermal shielding from regolith radiation is provided under and

around each optical path structure.

7.3 Instrumentation Thermal Requirements

The temperatures ofatl elements in the optical path must be below 77 K so that the

IR Imager/Spectrometer and the nulling IR imager can detect infrared radiation in the
1000 to 10,000 nm spectrum. However, the CCD detectors in the remaining three
instruments require cooling only to 300 K. For this reason, two types of thermal control

systems are u_llzed. An active system is employed to cool the IR Imager/Spectrometer and

nulling IR imager, while passive systems are used on the other instruments.

The active system is modeled after the cryogenic cooling techniques applied on the

Space Infrared Telescope Facility (SIRTF). In this system the CCD is mounted on a liquid
helium dewar which absorbs heat through the wall interface between the CCD and the

fluid (Fig. 7.3-1). Once it is heated, the warmed liquid helium is vented to space. For
SIRTF, the thermal control system has a lifetime of 2.8 years and uses 550 kg of liquid

helium (Ref. 7.3-1). However, for applications to the LOLA instrumentation, the lifetime

of this liquid helium system would depend on length of time the IR Imager/Spectrometer

and nuUing IR imager are operated under full power.
An alternative to the SIRTF thermal control system is a closedloop mechanical system

studied for use with the Large Lunar Telescope (Ref. 7.3-2). This system does not require

periodic helium replenishment, but is more massive than the SIRTF system.
The other three instruments are designed for imaging wavelengths up to 1000 nm

and therefore do not require active cooling. However, the temperatures must be main-

tained at or below 300 K. The CCD electronics and the data acquisition electronics produce

approximately 135 to 190 W of waste heat. To provide cooling for these instruments, a

passive heat pipe thermal control system is employed (Ref. 7.3-3). Because the floor of the
instrumentation room is held at a constant temperature of 250 K by the lunar regolith, the

heat pipes can utilize the regolith as a heat sink.
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8.0 Launch

The total weight to orbit required for the LOLA project is 253.0 mt (Fig. 8.0-1). The

weights of the Lunar Transfer Vehicle (LTV), Lunar Excursion Vehicle (LEV), and fuel
tanks are included in this estimate and are established following much the same

guidelines as the Large Lunar Telescope (Ref. 8.0-1). It takes 12 kilograms of transfer
components such as the fuel and the LTV in LEO to establish one kilogram ofp ayload such

as the cargo and the LEV on the lunar surface.
There are many options for cargo transfer to the lunar surface. All of these include

the initial launching of the cargo modules from Earth; however, they differ as to the means
of LEO to lunar surface transfer. Some of the options include"

Launch of the entire LEV/LTV/cargo system directly to the lunar surface.

Launch of only the cargo modules that are then coupled with an LTV/LEV
in LEO and transferred to the lunar surface.

Launch of only the cargo modules that are then coupled with an LTVin LEO
and transferred to an LEV in Low Lunar Orbit (LLO) for landing of the lunar

surface.

There are also combinations of certain portions of the above options; launch of the

LEV/cargo to connect with an LTV in LEO, etc. Option 1 is the most cost effective because

it involves direct placement of cargo and reduces energy requirements (Ref. 8.0-1). But the

LOLA project's cargo modules are bulky and do not exceed the mass constraints of most

launch vehicles but their volume constraints (Fig. 7.0-2). The proposed HLLV (Ref. 8.0-

1, 8.0-2) will have more than enough lift capacity to launch the entire LOLA package, but

its proposed 13.7 m shroud x 38.1 m length cargo space is not wide enough to accommodate

the fully-assembled single LTV/LEV proposed (Fig. 8.0-3) for the cargo transfer from LEO

to the lunar surface. Multiple transfers would increase the cost. Therefore, a single vehicle

transfer is proposed with on-orbit assembly of the cargo modules to the LTV/LEV (Fig. 8.0-

4). This proposal assumes some kind of assembly station in LEO although not necessarily

a very intricate one; since only minimal assembly will be required of the transfer]landing

system. It also assumes that NASA does not have an operational LTV/LEV transfer system

at the time of launch. This system would then be the preferred transfer]landing system,

and the LOLA project will have to be designed around it.

8.1 Launch Manifest

The LOLA project is launched into LEO by 2 Shuttle C Blk II's and 2 Shuttle C's (Fig.

8.0-1). These two variants of the present shuttle are chosen for their ability to match the
specific volume and mass needs of this mission as well as for their realistic nature. They
are derivatives of a present launch vehicle and, therefore, have a more realistic chance of

coming to be. The Shuttle C Blk II has a 7.6 m shroud x 27.4 m payload envelope and a
61,000 kg payload capacity. The Shuttle C has a 4.6 m shroud x 25 m payload envelope

and a 71,000 kg payload capacity. The Shuttle C Blk II is chosen so that assembly on-orbit
of the LTV/LEV and on the lunar surface of the LOLA array will be minimized.

There are four cargo modules (Fig. 8.0-2). Two cargo modules contain 4 complete

telescopes each, one cargo module contains all of the other LOLA parts, and one module
contains the construction vehicles. One Shuttle C Blk H carries the LTV/LEV and vehicles

module to orbit. The other Shuttle C Blk II carries the other cargo modules. The two
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Shuttle-C Blk II Shuttle-C Blk II Shuttle-C Shuttle-C

LEV 28.6 mt
LTV 14.5 mt
Vehicles 16.1 mt

Tlscpesl 9.6 mt
Tlscpes2 9.6 mt
Misc. 37.0 mt

Tankl 34.4 mt
Tank2 34.4 mt

Tank3
Tank4

34.4 mt
34.4 mt

Total 59.2 mt Total 56.2 mt Total 68.8 mt Total 68.8 mt

Capacity 61.0 mt Capacity 61.0 mt Capacity 71.0 mt Capacity 71.0 mt

Margin 1.8 mt Margin 4.8 mt Margin 2.2 mt Margin 2.2 mt

Total Weight to Orbit: 253.0 mt

Figure 8.0-1: Launch Manifest



Miscellaneous Module

Power 3950 kg

instr. 1750 kg

Thermal Ctrl 8425 kg

Metrology 438 kg

Guidance 235 kg

Commun. 125 kg

FDL's 1698 kg

Beam Split. 405 kg
Structures 17500 kg

Container 2500 kg

Total 37000 kg

Telescopes Module

Telascopel 1900 kg

Telescope2 1900 kg

Telescope3 1900 kg

Telescope4 1900 kg

Container 2000 kg

Total 9600 kg

Vehicle Module
Vehicles

Container

Total

13200 kg

3500 kg

16700 kg

Figure 8.0-2: Cargo Modules

TELESCOPE MODULES

LEV BASE

VEHICLE MODULE

MISCELLANEOUS MODULE

FUEL TANKS

LTV BASE

Figure 8.0-3: LTV/LEV Configuration for LEO to LLO Transfer
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Figure 8.0-4: Earth to Lunar Surface Transfer Profile



Shuttle C's bring the four heavier transfer fuel tanks to LEO.

8.2 LEO to Lunar Surface Transfer

A single LTV/LEV transfer vehicle (Fig. 8.0-3) hauls the LOLA cargo from LEO to

LLO. It resembles but is not identical to the LTV/LEV associated with the 90-day study.

The LTV contains a base, a LEV coupler, and 4 drop tanks and their respective holding

arms (Fig. 8.2-1). The two heavier drop tanks are 4.5 m in diameter x 8 m high and the

lighter drop tanks are 4.5 m in diameter x 5 m high. The assembled LTV is 12.5 m high

x 18 m wide x 18 m deep and weighs 14.5 mt without the fuel tanks. The assembled LEV

(Fig. 8.2-1) is 23 m high x 25 m wide x 13 m deep and weighs 28.6 rot. There are two cargo

holding arms on the LEV; one of which holds the miscellaneous module, one of which holds

the combination of the two telescope modules. This arrangement is to attempt to balance

the LEV. The LTV arms, LEV arms, and LEV legs are attached on-orbit. Based on

estimates adopted from Ref. 8.2-1 the total on-orbit assembly time will be approximately

932 hours.

The LTV/LEV travels to LLO. The LTV drops its expended fuel tanks, the LTV and

LEV detach, and the LEV descends on the lunar surface. The final resting place of the LTV

is in LLO and the LEV permanently resides on the lunar surface.

LTV LEV

4.5 m

7in

25 m

8m

I 18m _1

23 rn

Figure 8.2-1: Dimensions of the LTV and the LEV
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9.0 Construction

The Construction of the LOLA project will take place in two phases (Fig. 1.5-1). The

first phase will establish the power system, the central instrument area, the communica-

tions, and nine telescopes. The array will operate on a limited scale until the second phase

brings eighteen additional telescopes. Before any construction takes place, unmanned
science missions to the proposed site will take soil samples to predict bearing capaciW and
settlements of the emplacements. In addition, detailed satellite maps will reveal the

contours of the surface and any physical obstacles that must be overcome.

The build-up strategy for the first phase has three stages: site preparation,
assembly, and calibration. The site prep aration will be done by Earth-operated telerobotics.
This will be used to perform the simpler, laborious site preparation tasks because

astronaut exposure to the harsh lunar environment is to be minimized. These telerobotics
will allow for unforeseeable difficulties associated with lunar construction to be observed

and accounted for before the arrival of the crew. The assembly and emplacement of the

structures will be done by astronaut Extra-Vehicular Activity (EVA), as these tasks

require considerably more manipulation then the site preparation operations. There will
be two operating EVA crews of two astronauts each. The last stage will be the calibration
and aligning of all the mirrors and instruments. Because of the very time consuming detail
that this will demand, a whole stage has been assigned to this purpose, and new crews will
be flown in to relieve the assembly crews.

9.1 Vehicles and Assembly Equipment

Vehicles will be specifically designed for the project's completion. Some of the

important lunar environmental factors and their influences on the vehicles and equipment

are"

Parameter

Temperature
Vacuum

Radiation

Gravity
Dust

Soil Density
Soil Porosity
Hydrogen

Considerations

material deformations, fluids

soil adhesion, volatile lubricants
material and electronic failures

greater lift capability, less traction
impedance of mechanical motion

large exc. energy req'd, ground pressure
settlements of structures

reduction corrosion of emplacements

Two methods of vehicle development were considered: task-specific vehicles and

multi-purpose vehicles. Task-specific vehicles increase the efficiency of operations but
also increase the number of vehicles required and, hence, the weight required to be placed
on the lunar surface. These vehicles are much more appropriate for large base construction

with its many distinct functions. Since only a scientific lunar outpost is to be constructed,

multi-purpose vehicles will be used to save weight and cost. The vehicles are assumed to
be operational only during the day. Avehicle designed for operations at both 90K and 385K
is perceived as being not reasonable because of the difficulties of radiators and those
associated with mechanical tolerances as well as others. The vehicle requirements for the

LOLA project are leveling and debris removal, cargo unloading, cargo positioning,
excavation, and transportation. To fulfill these requirements, the following vehicles will
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Figure 9.1-1: Lunar Construction Vehicles



be used (Fig. 9.1-1):

Crane/excavator

Self-excavating/loading/unloading machine

Unpressurized rover

Large trailer
Small trailer

Crane/Excavator: This machine is 6 m long x 3 m wide x 1 m high and weighs

approximately 10,000 kg. Ithas a 10 m contractible, foldingboom andprovides the regolith

positioning required to excavate the landingpad wall and the lab shield using a clamshell
1.5 m s bucket. By detaching the bucket, the machine also acts as a crane for the cargo

unloading and positioning. Using the heaviest module as a guide, the crane will need a

hoisting capacity of 14 kN. A leveling blade capable of pushing I m s of lunar regolith is
attached to the front end and the crane uses this for site preparation leveling. Debris is

removed with the boom arm and the bucket. A coupler at its rear links it to the large trailer

for module transportation. The crane has metal wheels which are well suited to the lunar
terrain. The crane/excavator will be capable of both Earth-telerobotic and EVA operation.

Self-Excavator: This is a small machine that excavates the loosely bound top 0.3 m

of regolith. The machine pulls a small container trailer behind it into which the regolith

is piled. It has a 3 m s capacity and unloads the regolith by lifting the container on the
trailer. This machine will also be capable of both Earth-telerobotic and EVA operation.

The self-excavator weighs 500 kg.

Rover: The rover is the vehicle that moves the EVA crews around on the surface. It

can attain a speed of 10 km/h, and weighs 2000 kg. It has a smaller coupler at its rear to
attach to the small trailer.

Large Trailer: The trailer is 5 m wide x 7 m long x 1 m high and weighs

approximately 500 kg. It hauls the modules and the larger cargo.

Small Trailer: This trailer weighs 200 kg and is 4 m long x 3 m wide x 1 m high. It
attaches to the rover and hauls the smaller cargo such as the long delay mirrors.

All of the self-propelled vehicles will have self-contained power units that are portable

and preferably non-rechargeable, so that there can be continuous constructing during the

site preparation stage. Dynamic Isotope Power System (DIPS) comes in many different

sizes and power capabilities and is well suitable for the requirements (Ref. 9.1-1).

The general equipment requirements of the construction are:

1.)
2.)

3.)
4.)

A vibratory press to place the telescope foundations.

Hand tools to attach the various trusses and towers.
Cables to lift and control cargo.

Calibration equipment to align all mirrors and

structures.
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9.2 Site Preparation

The site preparation stage begins with the landing of the Lunar Excursion Vehicle

(LEV) and its cargo approximately 10 km from the center of the array. The lander is about

20 m high and 23 m wide. The cargo modules are partially self-unloaded and the vehicle

module is completely self-unloaded (Fig. 9.2-1). After the vehicles are unloaded, a self-

deployed blanket or combination of blankets such as those developed by the University of

Texas at Austin (Ref. 9.2-1) cover the lander to give the remaining unloaded cargo limited

thermal and micrometeorite protection during the site preparation stage (Fig. 9.2-2). This

blanket provides thermal protection for the active instrument cooling system that will be

vulnerable in its uninstalled condition. A communication system will be set up to provide

video images during the site preparation. There will be an estimated delay of 4.4 seconds

for the round trip signal of images and instructions from the moon to the Earth. Although

this does decrease the accuracy of movement on the lunar surface, major problems will not

be encountered because no delicate manipulations are to be done during this stage. The

construction vehicles will then prepare the launching/landing area to minimize the

harmful effects of lander outgassing. In addition to the leveling and debris removal in a

circle 73 m in diameter, a 1 m high by 2.4 m wide regolith wall will be piled along the outer

edges of this landing zone. This will not stop the flow of large impediments from the

outgassing but it will redirect it enough so that the effect felt at the array from landings
of future missions will not be harmful. The construction vehicles use a stereo camera

system which matches a known template to the camera image to locate and level the power

source area, the centralinstrument area, as well as the individual telescope areas (Ref. 9.2-

4). The templates are made from detailed surveyingmaps. Aself-excavating, loading, and

unloading regohth hauler will excavate an area 150 m x 150 m to acquire the necessary
2,235 m 3 of shielding material to cover the instrument lab.

Landing Position
Unloaded Position

Figure 9.2-1: Example of a Partially Self-Unloaded Cargo Lander
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Figure 9.2-2: Fully Deployed Configuration of Protection System

9.3 Assembly
The assembly stage begins with the arrival of the first two EVA crews on the second

day of the second lunar cycle of construction. The crew landers serve as habitats (Fig. 9.3-
1) for the construction period and the crew returns to these landers after each work day.
The landers have an estimated endurance limit of 45 Earth days (Ref. 9.3-1). The tasks
of each crew and vehicle are generalized in the timeline and include the assembly and

emplacement of the following items:

Telescopes

Long Delay Mirrors

Reflective Towers

Fine Delay Lines

Central Building

Instrument Lab

Power Source

Maintenance Tents

Additional tasks include surveying and transporting of the modules.

l_T_e,l.e,__c,_o._: One EVA crew sets up the telescopes (Fig. 9.3-2). The crane pulls the

large trailer on which one of the telescope modules is lying. The crew then unloads one

complete telescope set (there are four per telescope module). The foundation points are
marked and the spudcan footings are emplaced into the lunar regolith using a vibratory

pressing machine. The legs of the telescope are then screwed into its base and the exterior
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Figure 9.3-1: Piloted Lander Configuration

mirror is attached. The telescope is lowered onto its footings via the crane and connected

to them. The counterweight is filled with regolith. The reflecting mirrors are then

nominally positioned and the dome shield is set up around the telescope. The tolerances
of structures need to be matched to avoid excessive thermal stress and fatigue at connected

joints. Connections that are well matched have properly accounted for the different

coefficients of expansion of the mated and mating materials. Finally, electrical and data

connections are made to the guidance motors, metrology system, and shield.

Long Delay Mirrors: The exact location of the delay mirror is determined by

triangulation and surveying. One EVA crew transports the complete delay mirror by
pulling the small trailer with the rover. The footpads are driven into the regolith then the

supports and the mirror are attached. The dome shields are then snapped together and
electrical and data links are made to the shields.

Reflective Towers: The reflective towers bounce the light from the telescopes out

to the long delay lines and then from the long delay lines into the fine delay lines. These

towers come in three 4.5 m segments and one 2.25 m segment. They are assembled by one
EVA crew with the assistance of the crane.

Fine Delay Lines: Both EVA crews assist in the fine delay line assembly. The fine

delay lines are 55 m long. They come in 11 segments per fine delay line. The lines are

rigidly attached by bars during assembly to make alignment easier. Each delay segment
has two leg attachments of two legs each that raises the segment 30 cm off of the ground.
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Figure 9.3-2: Telescope Assembly. 1) The spudcan footings are planted. 2) The

telescope legs are attached. 30 The telescope is lowered onto and attached to its

footings. 4) The metrology and power connections are made and the

counterweight is filled with regolith.



These 198 leg attachments are riveted into pre-drilled holes by rivet punches. The inner

railings are snapped together. One sensitive area in the design of the array is the

attachment point of the segments' railings. The connection must endure thermal cycling

fatigue of large temperature swings. The shielding of the central building will assist in the

reduction of this thermal fatigue.

Central Building: The central instrument building covers the optical path at the

center of the array (Fig. 9.3-3). The building helps to shield the optical path from excess

radiation and limits the severity of temperature on the optical path elements. The building

consists of boron/epoxy half-circle "tent" poles that arranged over the length of the

building. To construct, these "tent" poles are positioned about 10 m apart and rigidly

attached to each other. A thin gold foil covering is then rolled out over and in between these

"tent" poles. At the interface between the central building and the instrument lab, a more

compact radiation shield is needed for instrument protection because of alignment

reasons. A 1 m wall of polyurethane will form the protection for the central building side

of the instrument protection system.

Instrument Lab: Using an internal angle of friction as 36 °, the 1.5 m diameter x 5

m long lab requires at least 2,235 m s of regolith shielding to maintain 5 m of shielding at

all points. This regolith, dug by the regolith self-excavator during the site preparation

stage, is piled on a soil net that completely covers the lab. The lab will be placed on a

thermal blanket to insulate it against conductive heat transfer.

Power Source: The array will be powered by three 2.5 kWe DIPS. The units are easy

to install and will require minimal construction effort. The units are placed on a protective

blanket to prevent damaging soil/system. A radiation shield is then placed over the top of

the three units to protect them from exposure to ambient radiation. The units' radiators

are placed outside the shield, set high enough above the surface so that dust interaction

from rising ionized dust is minimized.

Maintenance Tents: These are simple reflecting blankets designed to minimize the

effects on the construction vehicles of prolonged exposure to the lunar environment after

the construction operations have ceased. This is done so that these vehicles can be used

again for new telescope additions and routine maintenance operations. These tents are not

designed to be perfect shields and there replacement, as well as the maintenance of the

degrading construction vehicles, will be formulated into the maintenance operations.

9.4 Calibration

Due to the lengthy nature of the construction operations, two new crews will be

flown in near the beginning of the calibration stage. Holographic optical elements (HOE's)

will be used to sense the alignment of the optical system. The process involves the off-axis

sensing of holograms (essentially gratings etchedinto the mirror surface of mirror coating)

at each mirror (Fig. 9.4-1). Because the optical paths are not fixed, the system requires a

sensor (most likely a small CCD) and a different hologram for each mirror. The calibration

crews will set this system up and perform the finishing operations such as clean-up and

inspection. The majoriW of the calibration will be performed by Earth controlled means

once the astronauts have left. "The calibration requirements of lunar optical interferom-
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etry have not yet been defined, but calibration of spaceborne optical systems is done

routinely and is not expected to present any technology challenges..." (Ref. 9.2-4).

9.5 Construction Time

The timeline (Fig. 9.5-1) shows that the entire construction period for the first phase

will last approximately 4 lunar cycles. This assumes that no operations take place during
the lunar night, for the reason stated above. The number of productive hours that an
astronaut can be expected to work is limited by factors such as sleep, routine maintenance,

EVA preparation (Ref. 9.5-1). EVA work days are assumed to be only 4 productive hours

per crew member; as opposed to Earth operated telerobotics which are assumed can be
operated 24 hours a day. The next phase will obviously take less time because much of the
total 27 telescope array support network will be intact. Figure 9.5-2 shows the breakdown

in total hours per construction stage for the first phase. These times were estimated by

segmenting operations into individual EVA

._n 3-t t_g a_qh Ho_rm _ _murd _ r-rodP_ t=_'=

'_gg_ mm

Figure 9.4-1: Using HOEs on Individual Mirrors for Alignment
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Table 9.5-I: Set-up Times

CONSTRUCTIONSTAGE TIME (hrs)

SITE PREPARATION 590

ASSEMBLY 400

CALIBRATION 450

TOTAL 1440

EARTH DAYS* LUNAR CYCLES**

24.6 1

25.0 2

28.0 3

77.6 5

Table 9.5-2: Site Preparation Set-up Time Estimates

EVA TIME EVA TO EARTH EARTH TIME QUANTITY

(hrs) MULTIPLIERS

TOTAL TIMES

Telescopes
transport 0.25 5.00 1.25 9 11.25

camera set-up 0.17 3.33 0.5661 9 5.0949

level,debris 1.00 6.70 6.70 9 60.30

Power

transport 0.50

prepare 3.00

Launch Pad

prepare 5.00
excavate wall 15.00

Central Area

transport 3.00

camera set-up 0.50

level, debris 10.00

exc. soil 75.00

5.00 2.50 1 2.50

6.70 20.10 1 20.10

6.70 33.50 1 33.50

4.00 60.00 1 60.00

5.00 15.00 1 15.00

3.33 1.665 1 1.665

6.70 67.00 1 67.00

4.00 300.00 1 300.00

3.33 13.32 1 13.32
Beacons

set-up 4

Total Site Preparation Time 589.7299
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tasks and assigning each task a certain time required for completion. For the Earth

teleroboticaUy operated site preparation stage, adjustment factors to convert from esti-

mated EVA times were used, similar to but not exactly like those proposed in Dias, et al.

(Ref. 9.5-1) (Fig. 9.5-3).

9.6 Operational Maintenance

Two maintenance teams are flown into the array to do routine system checks every

year. They use the construction vehicles for transportation and assistance in any major
operations. The major tasks to be accomplished during these maintenance periods include

redundancy checks, alignment adjustments, and replacement of degraded equipment.

Redundancy checks
To assure operation during observing periods, certain redundancies are built into

support systems such as communications, power, thermal control, and also in instrumen-

tation. During maintenance, these redundancies are checked and replaced, if necessary,

with compartmentalized replacement packages. Any replacement of redundant instru-

ment systems requires the re-excavation of a certain portion of the regolith shield and adds

greatly to the maintenance time required.

Alignment adjustments
Much of the first maintenance period will be consumed with the re-calibration

discussed above. Barring this, even subsequent maintenances will involve re-alignment
and adjustment of the slack adjusters. Over time there will likely be some alignment
degradation due to thermal cycling. Even an initially perfectly aligned system will

permanently strain over many lunar cycles and require some re-alignment. Also, the

baselines of the array may be changed from time to time. Because of the easy stepwise

procedure of telescope assembly, this process consists of simply planting new footings in
the new location, disconnecting the telescope legs from there original footings, disassem-

bling the telescope, moving the telescope pieces to the new location, and re-assembling the
telescope.

Replacement of degraded equipment
Some of the parts, such as thermal coatings, motors, and shields will be degraded by

dust and may be designed for limited lifetimes. In this case, these parts will need to be

replaced during regularly scheduled maintenance periods. Other pieces such as wiring,

tubings, and the instrument, metrology, and calibration CCD's may eventually need

replacement because of damage from radiation. The extreme temperatures may cause

structural components to fail due to thermal fatigue and stresses. They will also cause the

need for replacement of the active instrument coolant. Any meteoroid caused damage will

need to be repaired during maintenance periods.

9.7 Considerations

In conclusion, construction equipment and methods that are much better than those

on previous manned lunar missions must be developed if any lunar construction is to be
realistic. The severe environmental factors have to be better managed. Apollo astronauts

reported having poor color deciphering and depth perception capabilities because of the
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intense and blinding sunlight (Ref. 9.7-1). Here are some examples of the significant dust

problems faced on the later Apollo "J-Missions" (Apollo 15-17) even though there was

increased time spent on dust control and clean-up (Ref. 9.7-2):

• EVA suit wear, suit wrist disconnects and abrasively worn gloves.

Degraded Thermal Control Systems: a 10% dust film (unnoticeable to the crew)

degraded the reflective surfaces, resulting in higher thermal temperatures.

Degradation of optical properties that included abrasions to the helmet visor,

optical lenses and read-out displays.

• The failure of Velcro for attachments when saturated with dust.

• The accretion of dust on sensors which affected the accuracy of the data gathered.

The malfunction of the Lunar Rover's tool carrier gate type latch, which had large

mechanical tolerances. The dust with lack of atmosphere and subsequent humid-

ity for lubrication caused the latch to be immovable.

• The malfunctioning of EVA sampling tools.

The human physiological affects of dust. In some cases once the dust got under the

astronaut's fingernails, it was only removed by the growth of the fingernails. Also,

Russians used lunar soil on rats and found pathological changes in the lung tissue,

a decrease in oxygen consumption, and a decrease in body weight (Ref. 9.7-3).
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10.0 Cost Analysis

10.1 Structures

Telescope:
Boron/epoxy Members ($110.25 per kg

Legs

Optical Cylinder
Arm & Sleeve

Support Cylinder & Sleeve

Mirror Supports
Motor Chamber

Boron/epoxy)

$99,666.00

$17,089.00
$331.00

$6,615.00

$3,307.00
$16,868.00

Mirrors

Primary Mirror
Glass

Coating

Polishing

2"d,3_t,4th,5 th mirrors
Glass

Coatings

Polishing

Motors and Bearings

Arm Motor

Base Motor

Arm Bearings

Base Bearings

Gears

Subtotal for one telescope

Total structural costs

for 27 telescopes

Research and Development
Structure

Mirror

Total cost for 27 telescopes

$21,499.00
$4,000.00
$1,000,000.00

$304.00

$6,620.00

$60,000.00

$6,500.00

$2,000.00

$600.00

$2,500.O0

$5O0.0O

$1,248,399.00

$33,706,773.00

$150,000,000.00

$100,000,000.00

$283,760,773.00
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External Structures

Sending/Receiving Tower

37 Mirrors

(glass, coatings, polishing)

37 Step motors

Boron/epoxy Members

For one tower

For three towers

$619,048.00

$1,850.00

$20,480.00

$641,378.00

$1,924,134.00

Mirror Tower

Mirror

(glass, coatings, polishing)

Boron/epoxy Parts

For one tower

For 108 towers

$49,526.00

$2,911.00

$52,437.00

$5,673,196.00

Metrology Tower

Two Step Motors

Aluminum Parts

For one tower

For three towers

$100.00

$446.00

$546.00

$1,638.00

Metrology Building

Boron/Epoxy- Aluminum Parts $25,000.00

Two Motors $200.00

Boron/epoxy Table $258,000.00

Total externalstructure

material costs $7,882,168.00

Research and Development costs

Total External Structures Costs

$250,000,000.00

$257,882,168.00

Total Structures Cost $541,642,941.00
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10.2 Instrumentation

Detectors, filters, electronics

Inst. Cabinet motors & bearings and

associated electronics

Cooling systems

Research and Development

Instrumentation Total

10.3 Thermal Protection

Aluminized Teflon MLI Coating

(cost per square meter)
Total surface area on array
Total cost of Teflon MLI

Active cooling system

Total thermal protection cost

10.4 Fine Delay Lines

Materials and subcomponents

(per line)

Manufacturing

Development

Total cost per line
Total cost for 27 lines

10.5 Beam Combination

81 Beam splitters ($2500 each)

27 Mirrors ($1900 each)

Research and Development

Total beam combination costs

10.6 Guidance and control

54 Variable density filters
108 Achromatic wedge prisms

54 Masking disks
27 Hybrid occulting disks

27 Single mode fibers

$2,000,000.00

$200,000.00

$200,000.00

$10,000,000.00

$12,400,000.00

$897.00/m _

890 m s

$798,330.00

$400,000.00

$1,198,330.00

$50,000

$50,O00.00
$10,000.00

$110,000.00
$2,970,000.00

$202,500.00

$51,300.00

$2,000,000

$2,253,800.00

$8,100.00
$21,600.00

$2,700.00
$5,400.OO
$45,738.00
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135 Linear actuators
1024x1024 CCD

720x720 CCD

54 step motors
Control electronics and computers

Research and Development

Total guidance and control costs

10.7 Communications

Transponder
Two antenna mounts

Two high gain antennas
Structure/cabling

Central computer

RF amplifier

Total communication costs

10.8 Power

6 Fueled DIPS power sources
14 km insulated Aluminum cables

Cable research and development

Transformers and power control equipment

Total Power costs

10.9 Metrology

27 Photodetector units
27 Function Generators

114 Transmitting & Receiving Optics
519 Lasers

Laser plates

Optics, retroreflectors and misc.

Research and development

Total Metrology costs

$1,295,325.00

$130,000.00

$130,000.00
$10,800.00

$500,000.00

$10,000,000.00

$12,149,663.00

$50,000.00
$10,000.00

$120,000.00

$30,000.00
$40,000.00

$20,OO0.00

$270,000.00

$6,000,000.00

$14,000.00

$10,000,000.00

$300,000.00

$16,314,000.00

$270,000.00

$270,000.00

$228,000.00
$3,114,000.00
$2OO,OOO.OO

$1,500,000.00

$10,000,000.00

$15,582,000.00
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10.10 Transportation

Total transportation cost of array materials
from Earth surface to Lunar surface

• Cargo from Earth to LEO
includes LEV/LTV and fuel

($5,ooo&g)
• Cargo from LEO to lunar surface

($1o,ooo&g)

Research and development
Calibration CCD's and alignment costs

Total Transportation costs

$2,129,330,000.00

$1,265,000,000.00

$864,330,000.00

$200,000,000.00

$5,000,000.00

$2,334,330,000.00

10.11 Total Array Cost $3,222,871,507.00
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11.0 Conclusions

In its final completed stage the Lunar Optical Long-baseline Array will consist of

27 telescopes in a Y- configuration with a maximum baseline of 5 kin. The telescope

positions have been selected to optimize the number of non-redundant baselines, in order
to provide the most complete u-v plane coverage. The Y-configuration facilitates the

placement of additional telescopes, while providing adequate u-v plane coverage and delay
line simphcity not available in other array configurations. This configuration also reduces

sidelobe intensity, thereby improving the possibility of Earth-sized planet detection at a
distance of ten parsecs. The range of baseline lengths allows detection of radiation from

the infrared through the ultraviolet regions of the spectrum.
The telescope structure was designed to provide a minimum number of mirror

bounces. Computer analysis and optimization gave the structure sufficientlysmall

deflectionswhile mining itsmass. The coarse and finedelay systems allow accurate

path length adjustments with a relativelyfew number of mirror bounces.

The incoming beams are sampled by the metrology system tocalculateand adjust

forvarying baselinelengths.The pointingand controlsystem alsosamples a small fraction

ofthe beam. This guidance system tracks guide starswithin 10_ arcseconds in the pupil

plane.
After sampling, the beams are combined in a non-redundant manner and sent to

instruments where image and spectrographic data are collected.Four instruments are

utilizedto image the data from the infrared,visible,and ultravioletspectrums. A

communications link provides continuous contact with Earth. This is accomplished

through a satelliteorbitingthe second hbration point above the lunar surface allowing
direct data transfer to and from the Earth-based Deep Space Network. The lunar

communications system, along with allother components ofthe array,ispowered by three

2.5 kW Dynamic Isotope Power Systems.

LOLA offers high-resolution interferometry based on proven Earth based detection
methods. Furthermore, the LOLA design takes advantage of the lunar environment thus

enabling collection of scientific data that is unavailable through conventional Earth-based

astronomy.
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LOLA CHARACTERISTICS

Array
Y-configuration
2.9 km arms in N, SE, SW orientation

120 degrees between arms
27 telescopes (9 per arm)
5 kin maximum baseline
220 km minimum baseline

Spectral Range of 150 to 10,000 nm
Angular Resolution of 20 x 10 _ arcsec

36 baselines (initial stage)

351 baselines (final stage)

Array Site
Maria location

115 degrees to 180 degrees E or W longitude

10 degrees N to 10 degrees S latitude

Telescopes

48 m 2 total collecting area

5.85 m high, 4.705 m wide, 4.5 m base diameter

Off-axis altitude and azimuth configuration
Mersenne design with 3 _aorder curved fold mirror

Collecting mirrors

Zerodur honeycomb design
k/100 surface Knish

Silver coating
Parabolodial with f# 2.46

1.50 m diameter primary mirror

3.692 m focal length
0.25 m diameter secondary mirror

3.3 m above primary mirror
Elliptical fold mirror (2a = 35.4 cm, 2b = 25 cm)

Directing mirrors
ULE material
_J100 surface finish

Silver coating

Flat elliptical mirrors (2a = 35.4 cm, 2b = 25 cm)

Delay System

Coarse delay

2 banks of 61 long delay mirrors
5400 m maximum path delay
25 cm beam diameter

Accurate to 90 m
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Fine delay

Bank of 27 modules

90 m maximum path delay

Cassegrain compression of beams from 25 to 4 cm diameter

Infinite accuracy

Beam Combination

Non-redundant spacing

Simulated Herschel mounted mirror

Instruments

• UV-Visible-IR imagers/spectrographs using large format CCDs (108 pixels)

• Planet Detection Modules

Image Reconstruction

nC detector scheme
rl

Fast Fourier Transform scheme

Phase closure by self-calibration of HYBRID technique

Combined CLEAN and MEM deconvolution scheme for sidelobe suppression

Electronic calibration for effective system performance evaluation

Planet Detection

2 phase

phase 1

• achromatic nulling interferometer

phase 2

• hybrid occulting disk with 3 micrometer radius aperture wheel

• 1.5 dB/kilometer attenuated single mode birefrigent fiber optic cable

• electronic masking through image reconstruction algorithm

Starlight Suppression (both phases) >10 _

Metrology

Optical pathlength measurements

Combined heterodyning and fringe counting interferometric measurement

2 Nd-YAg lasers on opposite ends of beams

100 mW power

10% efficiency

2.5 mm beamwidth

1 nm accuracy
Baseline measurements

Mark HI system at each telescope

4 lasers reflect from underside of telescope to one of three towers on the site
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Guidance and Control

2 stage guidance system

104 course guidance accuracy
0.1 AU field of view

1024 x 1024 pixel CCD

10 _ fine guidance accuracy
0.02 AU field of view

2048 x 2048 pixel CCD

Variable density filter protects CCD from intense light

Communication
X-band

10 GHz uplink and 9 GHz down]ink
14 dB maximum carrier to noise ratio
10 _ maximum bit error rate

Data Rates

100 Mbps downlink

50 Mbps uplink
I m diameter antenna for lunar surface communications station
Satellite

Orbits second libration point
3500 km radius orbit

2.0 m diameter receiving and transmitting antennae

Transmits to 34 m dish of the Deep Space Network

Power

6 Dynamic Isotope Power Systems
2.5 kW each

Xe-He (NW 60) working fluid
Pu 238 radioisotope

closed Brayton cycle
3 year life

25/20 % (BOL/EOL) efficiency

2142 kg mass
Transmission lines

I mm aluminum core
I cm thick insulation

2700 kg/m 3 density
2.3 x 10_/deg C coefficient of thermal expansion

Thermal Control

Telescopes
7.0 m radius Teflon MLI surface shield

7.0 m radius collapsible, hemispherical Teflon MLI dome

120 K lunar day

<77 K lunar night (24 earth hours cooling)
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l_I_rrors

Teflon MLI optical tube radiation shielding

150 K lunar day

<77 K lunar night (30 earth hours cooling)

Long delay mirrors
7.0 m radius Teflon MLI surface shield

All external buildings

Teflon MLI thermal shield coating
Instrumentation

IR Instrumentation employs active liquid helium cryogenic cooling

other instrumentation employs passive heat pipe thermal control system
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11.2 Mass Statement

Instrumentation 2100 kg

instruments

carousel structure

instrument chamber

planet detection module

1000

2O0

1000
300

kg
kg

kg
kg

Thermal Control 6625 kg

active cooling system
alumini_ed Teflon covers

telescope thermal blankets

1800
985

3840

kg

kg
kg

Metrology 1677 kg

54 optical path lasers
432 Mark HI lasers

33 laser towers

27 laser plates
54 transmitting optics

54 receiving optics
27 beamsplitters and plate mirrors

27 function generators
27 photodetector units
fiber optic cables

123 kg
981 kg

75 kg
136 kg

54 kg

54 kg
123 kg
135 kg

270 kg
100 kg

Power 5042 kg

6 DIPS

2 converters
cable

2142 kg

2OO kg
2700 kg

Pointing and Control 235 kg

Structures 64597 kg

27 telescopes

3 sending/receiving towers
108 mirror towers

3 metrology towers

I metrology building
1 central building

48087

11700

3175
635

1000

500

kg
kg
kg

kg
kg

kg
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Achromatic Null 170 kg

2 cartstructures

optics

vibrational damping platform

100

20

50

kg

kg

kg

Beam Combination 405 kg

81 splitters

27 elliptical mirrors

270 apertures

81

54
270

kg

kg

kg

Fine Delay Lines 5093 kg

fine delay line structure
fiat mirrors

parabolic mirrors

computers
miscellaneous

5041

2
20
27

3

kg

kg

kg

kg

kg

Communications 125 kg

2 two meter antennas
2 antenna mounts

2 transponders
amplifier

central computer

power system
structure, cables

9 kg

23 kg
18 kg

7 kg

18 kg

5 kg

45 kg

Total Launched Mass 86,833 kg
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Appendix 3.0-1 Signal to Noise Ratio (SNR)

The signal a source emits can be modeled as

N =I* W'A* dv/(h*v)

where N = number of photons arriving

I = Intensity of source (Planck's Law)

W = Solid angle of the source (r2/4R2)

A = Collecting area (effective)

dv = bandwidth of frequency

v = frequency
h = Planck's constant

and the power (P) inherent in the energy is represented by

P=h*v*N

There are several sources of Noise (N) but the dominant is shot noise from the

instrumentation which is modeled as

N = 0P

Therefore, the simplified SNR is

SNR= sqrt(2 * r2* A* dv* i* t)

( 4 * R 2 * (l _-* e (hda'k*w) - 1)

where r = radius of target planet

i = relative intensity to the sun

t = integration time

R = distance to the planet from interferometer

c = speed of light
k = constant

T = temperature

1 = wavelength

and A, dv and h are defined as above. Table 1 shows the implementation of these

equations, the baseline configuration of variables and the numerical results for 4

theoretical targets (Earth and Jovian type planets at 5 and 10 parsecs) and the specific

contributions of reflective and radiative emission to the signal for an Earth type planet 10

parsecs away. Reflective radiation proves the dominant source of signal across the viewing

spectrum.
By inspection of the equations, it can easily be seen that the signal to noise ratio can

be improved by increasing the collecting area or increasing the integration time. Addition-

ally, the larger the target, the more reflective radiance will be generated, leading to a better
SNR.

There are many other sources of noise (defined as any signal other than the source we

are trying to see). The stellar background at 4 K provides some interference in the high

infrared range. The temperature of the telescope optics can also be a source of noise but

does not become significant until above 10,000 nm. Scattered light from optical elements

can also be a problem but is much harder to analyze requiring knowledge of BiReflectance

Direction Functions (BRDF) and the photon/quantum nature of light.
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Appendix 3.0-1: Signal to Noise Calculations

CONSTANTS

pi 3.1415927

h 6.63E-34 joule sec

k 1.38E-23 joule/K

c 3.00E+08 meter/sec

e 2.72E+00

REQIJREMENTS

S/N 1 0

low 2.00E-07

high 1.00E-05

DESIGN VARIABLES

t (time,days) 1.00E+00

_/ 5.00E-07

v 6.00E+14

bandwith 1.00E+00

Av 6.00E+14

# of Arrays 27

Diam Array 1.5

% array 35.00%

Elf CCD 0.7

UV

Infrared

Light

3.80E-07

7.50E-07

86400 sec

Meters

Effective Area 11.6896701 Meters

TARGET VARIABLES Eartt=, 5 Earth, 10

Tsun 5800 280 280

I (intensity) 1.00E-09 1.00E-09 1.00E-09

rs (planet) 6.38E+06 6.38E+06 6.38E+06

parasec to plaf 1.00E+01 5 1 0

W 1.0681E-22 4.272E-22 1.0681E-22

380 nanometers

750 nanometers

Jove, 5

3O0

1.00E-07

68882400

10

1.2458E-20

S/N Equation 1.91043449

Earth, 5 parsec Earlh, 10 par Jove, 10 parse Jove, 5

200 0.23045559 0.1152278 1.24446019

500 3.82086897 1.9104345 20.6326924

750 5.91223501 2.9561175 31.9260691

1000 6.87460684 3.4373034 37.1228769

2500 6.98443675 3.4922184 37.71 76226

5000 5.7031428 2.8515714 30.8558601

7500 4.942891 75 2.4714459 26.8285759

10000 4.46182168 2.2309108 24.2714835

2.48892038

41.2653849

63.8521381

74.2457538

75.4352451

61.7117203

53.6571518

48.5429669

Looking m an Earttl Type Planet, 10 parsecs away

Reflective Rad_tJve To_l

2.00E-07 0.23045559 9.221E-55 0.23045559

5.00E-07 3.82086897 1.099E-21 3.82086897

7.50E-07 5.91223501 2.011E-14 5.91223501

1.00E-06 6.87460684 7.905E-11 6.87460684

2.50E-06 6.98412358 0.0001566 6.98428016

5.00E-06 5.67645179 0.0133455 5.68979729

7.50E-06 4.84418099 0.0493554 4.89353637

1.00E-05 4.28707551 0.0873731 4.3744486

1.25E-05 3.88412345 0.1174735 4.00159699

2.00E-05 3.1298968 0.1637853 3.29368209

5.00E-05 2.01723672 0.1698038 2.18704053

1.00E-04 1.43533041 0.1387752 1.57410563

Solar

3643.82283

60413.243

93480.6435

108697.078

110428.69

89752.5834

76593.2266

67784.8156

61413.384

49488.0137

31895.313

22694.5664

Jove, 5

300deg Ke_in

1.00E-07

68882400 me_rs

5 1parasec-
4.9833E-20

6O

Telescope

#NUMf

1.5888E-92

5.4807E-58

9.3503E-41

6.5366E-10

8.48151649

16740.4526

683157.641

6012102.85

137097959

2009160958

3480052588

3.09E+16
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Appendix 3.0-2 System Efficiency

The parameter Overall System Efficiency (OSE) affects Total Effective Collecting

Area (TECA) by the relation

TECA = Total Collecting Area * OSE

Total Collecting Area is calculated from the surface area of the primary mirrors. OSE

is a measure of how much light, of all incoming light that could hit the primary mirror, is

actually transmitted to the instruments. OSE is influenced by blockage, such as from

secondary mirrors and support struts, and non-ideal reflective surfaces. If the telescope

system has 15 mirrors and each is 95% reflective at a given wavelength, only 46% (0.9515)

of the incident energy will reach the instruments.

Aluminum and dielectric silver coatings were considered for use. Appendix Figure

3.0-2-1 shows the OSE of the coatings over the operating range of the interferometer.

Clearly, silver is the better choice for all wavelengths over 400 nm. Under 400 nm, the

reflectivity drops quickly and no energy in the near ultraviolet can be transmitted.

Appendix Table 3.0-2-1 shows the specific OSE after each element in the optical path

for a silver coating. This table takes into account the losses due to reflectivity and blockage

as well as losses due to planet detection measures.

Total System Efficiency

as a Percentage of Received Light

Transmitted to Instruments

0.4 --

0.35 -

_mE
..j = 0.3 -

__ 0.25

0

0.2

0.15

0.1

0.05

04--_

400 nm

I I I I I

1000 2000 3000 4000 5000

Wavelen_h (nm)

I I ! I I

6000 7000 8000 9000 10000

AI

Ag

Appendix Figure 3.0-2-1 : Total System Efficiency as a Percentage

of Received Light Transmitted to Instrument_
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Appendix Table 3.0-2-1 : System Efficiency

Light Path Blockage 200 nm

Radius (m) Loss (%) 0.25

Primary * 0.75

Secondary ** 0.125
Fold 0.125

#4 0.125

Telescope Exit 0.125

LD Receiving 0.125
LD Bounce 0.125

LD Trans. 0.125

FD In 0.125

FDCom 0.02

FD Mobile 0.02

FD Bounce 0.02

Beam Splitter 0.02

Aperture 0.02

Occulting Disc 0.02

FO prism
FO Cable

FO prism
Inst Filter

Inst Mirror

Inst Grating

300 nm400 nm 500 nm 820 nm 1000 nm 5000 nm 10000 nm

0.14 0.94 0.98 0.9825 0.985 0.9875 0.99

8.44% 0.229

0.32% 0.057

0.014

0.004

0.001

0.000

0.000

0.000

3.42% 0.000

0.000

0.000

0.000

15.00% 0.000

1.00% 0.000

5.00% 0.000

15.00% 0.000

5.00% 0.000

15.00% 0.000
0.000

0.000

0.000

0.128 0.861 0.897 0.900 0.902 0.904 0.906

0.018 0.806 0.877 0.881 0.886 0.890 0.895

0.003 0.758 0.859 0.866 0.872 0.879 0.886

0.000 0.713 0.842 0.850 0.859 0.868 0.877

0.000 0.670 0.825 0.836 0.846 0.857 0.868

0.000 0.630 0.809 0.821 0.834 0.846 0.859

0.000 0.592 0.792 0.807 0.821 0.836 0.851

0.000 0.556 0.776 0.792 0.809 0.825 0.842

0.000 0.505 0.735 0.752 0.769 0.787 0.805

0.000 0.475 0.720 0.739 0.758 0.777 0,797

0.000 0.446 0.706 0.726 0.747 0.768 0.789

0.000 0.420 0.692 0.713 0.735 0.758 0.781

0.000 0.335 0.576 0.596 0.616 0.636 0.658

0.000 0.312 0.559 0.579 0.600 0.622 0.644

0.000 0.279 0.520 0.541 0.562 0.584 0.606

0.000 0.223 0.434 0.452 0.470 0.490 0.510

0.000 0.199 0.404 0.422 0.440 0.460 0.480

0.000 0.159 0.336 0.352 0.368 0.386 0.404

0.000 0.149 0.330 0.346 0.363 0.381 0.400

0.000 0.140 0.323 0.340 0.358 0.376 0.396

0.000 0.132 0.316 0.334 0.352 0.371 0.392

* Blockage due to Secondary mirror& support struts (4 at 4 cm radius)

** Blockage due to Metrology Retroreflector of 1 cm diam

200 nm 300 nm 400 nm 500 nm

Reflectivity AI 0.87 0.93 0.92 0.92
Ag 0.25 0.14 0.94 0.98

820 nm

0.86

0.9825

1000 nm

0.94

0.985

5000 nm

0.97

0.9875

10000 nm

0.98

0.99



Appendix 3.1-1 Transformation of Baseline Vectors

I. TRANSFORM BASELINE VECTORS INTO CELESTIAL COORDINATES.

KNOW: = [r] OR = [r]

LET: h = hour of array center

t_ = declination of array center

KNOW:[R] = si hsint_ cosh sinhcos

cos t_ 0 sin 8

THEREFORE:

Assuming Z due to lunar curvature very small compared to total baseline, let Z = 0

dX = - din cos h sin 8 - dE sin h

dY = - dN sin h sin 8 + dE cos h

dZ = dN cos 8

II. TRANSFORM BASELINE VECTORS INTO U - V PLANE.

GIVEN: u = (-sinhs dX + cos hsdY) IA

z = (cos&coshsdX + cos&sinhsdY + sin&dZ) IA

-V ---- UXZ

PERFORM CROSS PRODUCT

RESULTS • - v = (cos hs sin& dX + sin hs sin& dY - cos&- dZ)
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Appendix 3.1-2 Basic Program for Displaying u-v Coverage

* AFPENDIX 3. I-2

-It

* BASIC PROGRAM FOR DISPLAYING U-V PLANE COVERAGE

* WRITTEN FOR USE WITH TURBO BASIC

* FOR COMPILATION TO AN .EXE FILE.

10 REM******SET PLOTTING SURFACE

20

30 SCREEN

40 WINDOW SCREEN (I.7EIO, 1.7EI0)-(-I.7E10o-I.7EIO)

50

60

70 REM******SET INITIAL VALUES

80

90 WL=. 0000005

100 ADEL= 34-3.1415'927/180

110 AH=3. 1415927/2

12(_ NUM=27

130 NUMB=NUM*(NUM-I)/2

140

150

i6A REM******OPEN INPUT AND OUi'PUT FILES

17_

180 OPEN "A:BL5.DAT" FOR OU(PUT AS #I

190 OPEN "A:CONFIG5.DAT" FOR INPUT AS #2

200

210

3c_0 REM******READ CONFIGORATION PLACMENTS

310

320 DIM CORD(2,NUM)

330 FOR J=l TO NUM

340 FOR I=l TO 2

350 INPUT #2. CORD(IoJ)

360 NEXT I

37(_ NEXT J

380

390

1000 REM******INITILIZE K AND DIMENSION ARRAYS

101(3

10 2__ K = 1

1030 DIM BLE(NUMB)

1040 DIM BLN(NUMB)

1050 DIM BLX(NUMB)

i06c, DIM BLY(NUMB)

107(_ DIM BLZ(NUMB)

1080 DIM BL (NUMB)

1090

i 100

1200 REM******COMPUTE BASELINES

1210

1220 FOR H=I TO (NUM-I)
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i23'J

1240

1250

1260

1270

1280

1290

1300

1310

1320

1330

1340

1350

1400

1410

1420

1430

1440

1450

1500

1510

1520

1530

1820

1830

2000

2010

2020

2030

204 (-)

2070

2080

2090

2100

211 (t

2120

2130

2140

2150

216 _'_

2170

218 (.)

2190

22(z)0

2210

2220

2230

2240

2250

2260

2270

FOR

BLE (K )

BLN (K)

BLx (K)

B L Y (K )

BLZ ( f:..)

BL _.K ;)

F'R INT

K=I<+ 1

NEXT I

NEXT H

I=(I+H) TO NUM

= CORD(I, I)-CORD(I,H)

= CORD(2, I)-CORD(2,H;t

= -BLN_IK)*SIN(ADEL)*F:OS(AH)-BLE(K)*SIN(AH)

= -BLN(KI>*SIN(ADEL)*SIN(AH)+BLE(K)*COS(AH)

= BLN (K)*COS (ADEL)

= SQR (BLX (K)*BLX (K) +BLY (K)*BLY (K)*BLZ (K)*BLZ (K t iJ

_;i, K,BL(K)

REM******CLEAR SCREEN

CLS

DEL = 0.0*3. 1415927/4

AND SET SOURCE DECLINATION

REM******CONSTRUCT

LINE (-1,5EI0,0.0)

LINE (0.0,-1.5E10)

COORDINATE AXIS

- (1.5E10,0.0)

- (0.0, 1.5E10)

REM******PRINT NOTES

PRINT "Y ARRAY U,V PLANE COVERAGE"

PRINT "CONFIG #5"

PRINT "27 ARRAY ELEMENTS"

IF DEL<0.0 THEN DEL=DEL+3.14159

REM******F'RINT U-V ELIPISES

A I=AH- I. 57(]7

FOR K=I TO NUMB

U= (-I. O*BLX (K)*SIN (AI) +BLY (K)*COS (AI) )/WL

V= (SIN(DEL) * t-i. O*BLX (K)*COS (AI)

-BLY (K)*SIN(AI) )+BLZ (K)*COS (DEL))/WL

F'SET (O.-V)

FOR A=(AH-I.5707) TO (AH+1.5707) STEP (3. 1415927/100)

U=(-I.O*BLX(K)*SIN(A)+BLY(K),COS(A))/WL

V=(SIN(DEL)* (-1, O*BLX (K)*COS(A)

-BLY (K)*SIN (A)) +BLZ (K)*COS (DEL))/WL

LINE -(U,-V)

NEXT A

U= (-1. O*BLX (K)*SIN (AI) +BLY (K)*COS (AI) )/WL

V=(SIN(DEL)*(-1. O*BLX (K;t*COS(AI)

-BLY(K)*SIN(AI) )+BLZ (K)*COS(DEL))/WL

PSET (-U.V)

FOR A=(AH-I.5707) TO (AH+1.5707) STEP (3.1415927/100)

U=(-I. O*BL× (K)*SIN (A)+BLY (KI)*COS (A))/WL

V= (SIN(DEL)* (-1. O*BLX (K)*COS(A)
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2280

2290

3000

- B L Y ( F::) * S I N ( A ) ) + B L Z ( K ) * C OS ( D E L ) ) / WL

LINE -(-U.V)

NEXT A

NEXT K

END
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Appendix 3.1-3 Scripts to Create VLA plots and u-v Arcs

# "S" script to create Very Large Array (VLA) u-v plot
# for a particular declination

par(pty='s') # Ensure square plotting region

source 'nop]ot.400' # initialize plotting surface axes

# form (i,j) pairs for all 351 antenna baselines,

# and then invoke the plotting macro with each pair
for (il in seq(27)){

for (jl in seq(27)){
indexl <- ii

index2 <- jl

?uv.vla(indexl,index2)
}

MACRO uv.vla(parl,par2)

# S macro to calculate u-v arcs for the VLA

({

# 'hour' is a 20-element vector containing hour angles
hour <- seq(-pi/2,pi/2,1en=20) # 20 points from 6 hrs east to 6 west

# calculate u-v coordinates for the arc (each is also 20 elements)

ucoord <- (vla.x[$2]-vla.x[$1])*sin(hour) +
(vla.y[$2]-vla.y[$1])-cos(hour)

vcoord <- sin(declination)*(-1*(vla.x[$2]-vla.x[$1])*cos(hour) +
(vla.y[$2]-vla.y[$1])*sin (hour)) +

(vla.z[$1]-vla.z[$2])*cos(declination)

# plot lines

lines(ucoord,vcoord,pch='.')
# plot conjugate lines

lines(-ucoord,-vcoord,pch='.')

})
END
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Appendix 3.1-4 BASIC Program for Computing Array Taper Ratios

* _PPENDi._, 3. i-_

,:,M:StC rF:O,JR_m _OR L,JmF'bTiNA HF.:_:_Y TAPER _:_TIOS

* _RI [FEN FOR USE _I iM /u_:_O BASIC

* FOR CEq'd-'iLA]iO,4 ru HN .ExE F_ILE.

.7 ' .... i ........ . . ".

iU r_uFl=2Y

2L_ ADEL=O. (:_

,_() _M--3. 14i5927/2

26<) NUP_B=NUM*(NUM-I)/2

27c) OPEN "A:BLHIST5.DAT" FOR C,UrFUT AS el

28L) OF'EN A:CONFI-,u. DAT" FOR INPUT A_ #2

3<)<) F:LS

4(-)U D t Pi CO_:D ( 2, NUI"I .|

5(:,0 _-OR J=l TO NUM

6,-_u FO#.'.i=i rO 2

70( 1) INPUT _2, CORD(i, J)

710 NE X T i

72<) NEXT J

105o K= 1 :M=O :N=<) :0=0 : P=O :Q=O :R=<_ : S=O :T=<) :U=O :V=O

1070 DII7 BLE(NUMB.,

108C) 191!"1 Bi_N (Ix_UI"IB)

liuU Dir'l BL_(NUI_IB)

120C) DIM BLY(NUMB)
130(_ DIM BLZ(r4uP_B)

1350 DIM BL _.NUMB)

i40(J FOR H=I TO (NtJM-l)

15<,0 FOR i= (I+H) TO NUI_I

t600 BLE(K) = CORD(1. I)-CORD<i,H)

!70_.:_ BLI'4Lf:::) = CORD(2, I)-CQRb(2.H)

l_Ut) BL_(r::.) = -_LlXi<_:..._*Silxi(_L, EL.,*C:I3S(AH)-BLE{K)'*'SIN(AH:)

!_2L) _LY[t'::.) = -bLIX_(.r:::)*SIi'4(.HDEL)*SIN<AH)÷BLE(K._'*F:OS(_H)

1825 BLZ(K) = BLIXli. K..I'_.I-:OSI:_UEL)

183,:) BU<ri) = 6QR(BL_,(._:::)_61-J_:(r::.)+BLY (K:)*BLY(K:)÷BLZ(K)*BLZ(K))

18_,u IF BL(F:::):..= ff,d)u. ]MEN i'l=l+rl

1861 i F BI_ _.F:.) .::500. THEN i F ___U(K) < = 1000. THEN IXl=N+ 1

i86:-' .IF Bl_(r:::) >iC)O0.O ]HEN IF BI_(K.,-;::=i5(:)O. 7HEN 0=0+1

1863 IF BL(K)>15C)O.0 THEN iF BL(K)<=2C)00. -1-HEN P=P+I

1864 IF BL(._:..) ::.2000.0 THEN IF BI_(F::).:::=250C). "[HEN Q=Q+I

].865 IF BL(I<:.):::..:.'Sq)(-).CJ THEN iF BL<r<)<=3OuO. THEN R=R+i

1866 iF BL<K)>3()C)C).O YHEN IF- BL<r::).::=35(:)O. THEN S=S+i

18_7 iF Ed(K) :.350u.0 THEN iF _L,::K)<=4L)uC). ]HEN T=T+I

18t_,b' i F BL (F::) .::_Oq_O. 0 ] HEN I F BL (_:.::, .:::=4500. 7 P,EN U=U+ 1

1_.6_ iF- BL(K)>450,:J.O THEN V=V.vl

189(_ REM i::'RINi _1, K,BL..(_::..,

1'3,.90 r::.=K÷i

2000 NEXT 1
210C) NEXT H

325(_ PRINT #i. rq.11.0

3251 PF.:INr #1, F',Q,R

3252 PRINT #i, S,],U,V

33C)<_ END
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Appendix 3.2-1Mersenne Afocal System Equations

The telescope, basically a compression device, was designed from equations utiliz-

ing the laws of optical geometry (Ref. 3.2-1). The equations that follow are in terms of the

5 major mirror errors (Sect. 2.5.5) and are written as:

A = ((1-W)/2d)3 (Ddl- WDd2)

B = At- (l-W) 3 / 8d * Dd2

C = -2At(t+d]W) +2B(2t+d/W)
D= 1/2C+(1-W)2/2dW

E = A t2 (t+d/W) - B t (3t +2 d/W) + C(t + d/2W) + Dt- (l-W) (1+ 3W) / 4W

where A = Spherical Aberration
B = Coma

C = Stigmatism
D = Distortion

E = Field Curvature

d = mirror separations
t = entrance pupil distance

W = paraxial ray height ratio (compression ratio)

dl= aspheric deformation constant

d2= aspheric deformation constant

A can be made = 0 if(Ddl - WDd2) = 0 thus Ddl = WDd2. This allows simplification

of B & C by dropping out the A term making:

B= (l-W) 3 / 8d* Dd2

C = 2B(2t+d/W)

IfDd2 = 0 then C = 0 as well. With both Dd2 and Ddl = 0 one knows the surfaces

of both mirrors must be Cartesian. This leaves distortion and field curvature with:

D = (l-W)2 / 2d W
E = Dt- (l-W) (1+ 3W) / 4W

Thus, in designing an afocal mirror system stigmatism, aberrations and coma can

be removed by requiring Cartesian mirror surfaces. This leaves the design variables of t,

W, and d to adjust. Selection of the proper compression ratio drives E to zero after which

D can be reduced.
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Appendix 3.2-2 Mirror Control Technology

Delay and directing mirrors have to be controlled to considerable accuracy. Con-

trolled mirrors include the telescope to delay mirror (#5), the long delay receiving mirror

(#6) and the long delay transmitting mirror (#8). Each mirror has to be controlled about
two axes for which several different design possibilities exist. Motors similar to those

found in high precision optical operations (Ref. 3.2-2) can be used to turn the mirrors. An

independent 4 beam interferometry metrology system between each mirror set will be used

to establish a simple open loop control law to enable fine positioning of mirrors.
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Appendix 3.2-3 Telescope ! Long Delay Line Placement Systems

Some method of transmitting light to the central delay tower without it suffering

interference with other telescopes was necessary. Each telescope during various parts of

its operation can block up to a 3 m radius sphere, centered about the upper rotation axis.

Placement of each telescope can be assumed to be accurate within 5 cm. Each light path

is 25 cm wide therefore 125 cm clearance is needed. The summation of these separate

clearances gives a total separation between light paths of 3.13 meters to insure that no

blockage occurs.

A nominal line can be drawn from any central target. If sources (in this case

telescopes) are distributed on this line the closer ones will block the light of the farther as

discussed above. The closer sources will therefore have to be displaced slightly from this

nominal line. The farthest can remain directly on the nominal line while the next are

displaced offthe nominal line. This process continues till all sources are displaced and no

longer blocking. As the light travels from displaced sources towards the center, the light

path gets closer to the nominal line as it angles in. Thus the closer to the center elements

do not have to be placed as far from the nominal line as would initially be supposed.

The developed method of placement takes these solutions into account. The farthest

element is located on the nominal center line. The next element is on the right followed

by one on the left. This process proceeds with each placement outside of the previous

alternating sides. This allows for all light to reach the center with no interference and the

smallest reflected angle difference between elements of the line. This method was used for

both telescope and long delay bounce mirror placement.
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Appendix 3.4-1 Non-redundant Spacing FORTRAN Program

The following is a copy of the program used to

determine the nonredundant spacing of the incoming

beams prior to combination.

c

c

c

c

c

c

program bmspace

parameter (ntel = 13)

integer a(ntel,ntel), b(1200), c(1200), d, h, i, j, k, 1

open (4, file = "con')

'(15x a/)') "Non-redundant beam combination scheme'write (4,

a(2,1) = I

do i0 i = 3, ntel

a(i,l) = a(i-l,l)+i-i

5

20

Calculate the relative positions of the telescopes

do 20 j = 2, i-i

a(i,j) = a(i,l)-a(j,l)

continue

do 30 j = I, i-i

5O

40

Check non-redundancy with the other values in the matrix

do 40k= 2, i

do 50 1 = i, k-i

if ((i .ne. k) .and. (j .ne. I)) then

if (a(i,j) .eq. a(k,l)) then

a redundant spacing was found

increment the telescope placement by one

a(i,l) = a(i,l) + 1

go to 5
end if

end if

continue

continue

30 continue

I0 continue

Define the variables needed to relate the data sequentially

in terms of the relative spacings

do 60 n = i, a(ntel,l)

do 70 i ffi2, ntel

do 80 j = i, i-i

if (a(i,j) .eq. n ) then

b(n) = i+j

c(n) ffi i-j

go to 15
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c

c

8O

70

end if

continue

continue

b(n) = 0

c (n) = 0

15 continue

60 continue

d = mod(a(ntel,l),lO)

h = int(a(ntel, l)-d)

Write all of the complete lines of ten spacings

write (4,(4x,72(=)))

do 90 i = i, h, I0

write (4,500) (i+9, 9=0,9)

write (4,505) ((b(i+j)+c(i+9))/2,,,

• (b(i+9)-c(i+9))/2, j=0,9)

write (4,(4x,72(=)))

90 continue

Write the remainder of the spacings

write (4,500) (h+ 9, 9=l,d)

write (4,505) ((b(h+j)+c(h+j))/2,,, (b(h+j)-c(h+9))/2, j=l,d)

write (4, (4x,72(=)))

500 format (dist,lO(Ix,i4,2x))

505 format (pair,lO(ix,i2,al,i2,1x))

end
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Appendix 3.4-2 Results of Non-redundant Spacing Program

dist = spacing in terms of unit value, a

pair = telescope pair with corresponding baseline distance

dist 1 2 3 4 5 6 7 8 9 i0

pair 2, 1 3, 2 3, 1 4, 3 5, 4 4, 2 4, 1 6, 5 5, 3 7, 6

dist

palr

Ii 12 13 14 15 16 17 18

5, 2 5, 1 6, 4 8, 7 I0, 9 ii,i0 6, 3 7, 5

19 20

6, 2 6, 1

dist 21

palr 9, 8

22 23 24 25 26 27 28

15,14 7, 4 8, 6 13,12 12,11 7, 3 22,21

29 30

7, 2 7, 1

dist 31

palr ii, 9

32 33 34 35 36 37 38

8, 5 14,13 9, 7 i0, 8 8, 4 17,16

39 40

19,18

dist 41

palr 8, 3

42 43 44 45 46 47 48

12,10 8, 2 8, 1 9, 6 28,27 25,24 16,15

49 50

i0, 7

dist 51

palr 13,11

52 53 54 55 56 57 58 59 60

Ii, 8 9, 5 27,26 15,13 12, 9 9, 4 14,12 i0, 6

dist

palr

61 62 63 64 65 66 67 68

9, 3 9, 2 9, 1 ii, 7 13,10 i0, 5

69 70

23,22 16,14

dist 71

palr 18,17

72 73 74 75 76 77 78

i0, 4 20,19 ii, 6 i0, 3 12, 8

79 80

I0, 2 i0, 1

dist 81

palr 15,12

82 83 84 85 86 87 88

13, 9 ii, 5 14,11 17,15

89 90

Ii, 4 21,20

dist

palr

91 92 93 94 95 96 97 98

12, 7 ii, 3 26,25 Ii, 2 ii, 1 23,21

99 i00

28,26

dist I01

palr 14,10

102 103 104 105 106 107 108 109 ii0

12, 6 13, 8 16,13 15,11 17,14 18,16 12, 5

dist III

palr 19,17

112 113 114 115 116 117 118 119

24,23 20,18 12, 4 14, 9 13, 7 22,20 12, 3

120

dist 121

palr 12, 2

122 123 124 125 126 127 128 129

12, 1 15,10 13, 6 16,12

130

dist 131

palr

132 133 134 135 136 137 138 139 140

13, 5 14, 8 15, 9 13, 4

dist 141

palr 26,24

142 143 144 145 146 147 148 149

17,13 29,28 13, 3 13, 2 13, 1 27,25 19,16

150

dist 151

palr 14, 7

152 153 154 155 156 157 158 159 160

16,11 18,15 15, 8 25,23

dist 161

palr 14, 6

162 163 164 165 166 167 168 169

21,19 17,12 14, 5

170
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dist 171

palr 16,10

172 173 174 175 176 177

15, 7 14, 4

178 179 180

14, 3 18,14 14, 2

dist 181

palr 14, 1

182 183 184 185 186 187

24,22 15, 6 20,17 16, 9 23,20

188 189 190

29,27

dist 191

palr 15, 5

dist 201

palr

192 193 194 195 196 197

22,19 17,11 28,25 27,24 15, 4 19,15

202 203 204 205 206 207

15, 2 15, 1 21,18 16, 8

198 199 200

15, 3

208 209 210

17,10 24,21

dist 211

palr

212 213 214 215 216 217 218 219 220

18,13 19,14

dist 221

palr 16, 7

222 223 224 225 226 227 228 229 230

20,16 17, 9 25,22

dist 231 232

palr 16, 6 22,18

233 234 235 236 237 238 239 240

18,12 16, 5

dist 241

palr 28,24

242 243 244 245 246 247 248 249 250

29,26 16, 4 17, 8 16, 3 16, 2

dist 251

palr 16, 1

dist 261

palr 23,19

252 253 254 255 256 257 258 259 260

19,13 26,23 25,21 17, 7

262 263 264 265 266 267 268 269 270

18,11 17, 6

dist 271 272 273 274 275 276 277 278 279 280

palr 20,15 21,17 17, 5 19,12 18,10

dist 281 282 283 284 285 286 287 288 289 290

pair 17, 4 17, 3 17, 2 17, 1

dist 291 292 293 294 295 296 297 298 299 300

palr 20,14 18, 9 24,20

dist 301 302 303 304 305 306 307 308 309 310

palr 23,18 22,17 19,11 27,23

dist 311 312 313 314 315 316 317 318 319 320

palr 21,16 18, 8 19,10

dist 321 322 323 324 325 326 327 328 329 330

palr 26,22 20,13 18, 7

dist 331 332 333 334 335 336 337 338 339 340

palr 19, 9 29,25 18, 6

dist 341 342 343 344 345 346 347 348 349 350

palr 22,16 25,20 18, 5
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dist 351 352 353 354

pair 26,21 20,12 18, 4 28,23

355 356 357 358 359

19, 8 18, 3 18, 2

360

18, 1

dist 361

pair 21,15

dist 371

palr

362 363 364 365 366

372 373 374 375 376

23,17 24,19

367 368 369

377 378

27,22 20,11

379

370

19, 7

380

19, 6

dist 381 382

palr

383 384

21,14 29,24

385 386 387 388 389

19, 5 22,15

390

dist 391 392

palr

393 394

19, 4 20,10

395 396 397 398 399 400

19, 3 19, 2 19, 1

dist 401

palr

402 403 404 405

27,21

406 407 408 409 410

20, 9 23,16

dist 411 412

palr 22,14

413 414

24,18

415 416 417

21,13

418 419 420

dist 421

palr 25,19

422 423 424

28,22

425 426 427 428 429 430

20, 8

dist

palr

431 432 433 434 435 436 437 438 439 440

dist 441 442

palr 26,20 21,12

443 444 445

20, 7 22,13

446 447 448 449 450

dist 451

palr 28,21

452 453 454

20, 6

455 456 457 458 459

23,15

460

dist 461

palr 25,18

462

20, 5

463 464 465 466 467 468

20, 4 21,11

469 470

22,12

dist 471

palr 20, 3

472 473 474

20, 2 20, 1

475 476 477 478 479 480

23,14

dist 481

palr

482 483 484 485

21,10 24,17

486 487 488 489 490

dist 491

palr

492 493 494 495

27,20

496 497 498

22,11 29,23

499 500

21, 9

dist

palr

501 502 503 504 505 506 507 508 509 510

dist

palr

511 512

22,10

513 514 515

23,13 26,19

516 517 518 519 520

21, 8

dist

palr

521 522 523

24,16

524 525 526 527 528

22, 9

529 530

dist 531 532 533 534 535 536 537 538 539 540
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pair 25,17 21, 7 23,12

542 543 544 545 546 547 548 549 550

21, 6 22, 8

dist 541

pair 28,20

dist 551

palr

552 553 554 555 556 557 558 559

21, 5 26,18 21, 4

560

dist 561

palr 21, 3

562 563 564 565 566

22, 7 21, 2 21, 1 23,11 29,22

567 568 569 570

27,19 25,16

dist 571

palr 24,15

572 573 574 575 576

22, 6

577 578 579 580

22, 5

dist 581

palr 23,10

582 583 584 585 586

22, 4

587 588 589 590

22, 3

dist 591

palr 22, 2

592 593 594 595 596

22, 1 24,14 29,21 23, 9

597 598 599 600

dist 601

palr

dist 611

palr

602 603 604 605 606

612 613 614 615 616

28,19

607 608 609 610

27,18

617 618 619 620

23, 8 25,15

dist 621

palr

622 623 624 625 626 627

26,17 24,13

628 629 630

dist 631

palr 23, 7

632 633 634 635 636 637 638 639 640

25,14

dist 641

palr 23, 6

642 643 644 645 646 647 648 649 650

23, 5

dist

palr

651 652 653 654 655

24,12 23, 4 28,18

656 657 658 659 660

23, 3 23, 2

dist 661

palr 23, 1

662 663 664 665

26,16

666 667 668 669 670

dist

pazr

671 672 673 674 675

25,13

676 677 678 679 680

24,11 27,17

dist

palr

681 682 683 684 685

29,20

686 687 688 689 690

dist

palr

691 692 693 694 695

24,10

696 697 698 699 700

25,12

dist 701

palr

702 703 704 705 706 707 708 709 710

24, 9

dist 711

palr

712 713 714 715

26,15

716 717 718 719 720

27,16
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721 722 723 724 727 728dist

pair

725 726

25,11 28,17

729 730

24, 8

dist

pair

731 732 733 734

26,14

735 736 737 738 739 740

dist 741

pair 25,10

dist 751

pair

742 743 744

24, 7

752 753 754

24, 6

745

755

746 747 748 749 750

756 757 758

25, 9 29,19

759 760

dist 761 762 763 764

pair 24, 5 28,16

dist 771 772 773 774

pair 24, 3 24, 2 24, 1

765

775

766 767 768

27,15 24, 4 26,13

776 777 778

25, 8

769 770

779 780

dist 781

pair

782 783 784 785 786 787 788

27,14

789 790

dist 791

pair 25, 7

792 793

26,12

794 795 796 797 798

29,18

799 800

dist 801

palr 25, 6

802 803 804 805 806 807 808 809 810

25, 5

dist 811

palr

dist 821

palr 25, 1

812 813 814

28,15 25, 4

815 816 817 818

25, 3

826 827822 823

27,13

824 825

819 820

26,11 25, 2

828 829 830

dist 831

palr

832 833 834

28,14

835

26,10

836 837 838 839 840

dist 841

palr

842 843 844 845 846 847 848 849 850

27,12 26, 9

dist 851

palr

852 853 854 855 856 857 858 859 860

dist 861

palr

862 863 864 865 866 867 868

28,13

869 870

29,17

dist 871

palr 26, 8

872 873

27,11

874 875 876 877 878 879 880

dist

palr

881 882 883 884 885

26, 7

886 887 888 889 890

27,10

dist

palr

891 892 893

28,12

894 895

26, 6

896 897 898 899 900
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dist 901

pair

902 903 904 905 906 907 908 909

26, 5 27, 9 29,16 26, 4

910

dist 911

pair

912 913 914 915 916 917 918 919 920

26, 3 26, 2 26, 1 28,11

922 923 924 925 926 927 928 929 930

27, 8

dist 921

pair

dist 931

palr

932 933 934 935 936 937 938 939 940

28,10 27, 7

dist 941

palr

942 943 944 945 946 947 948 949 950

27, 6 28, 9

dist 951

palr

952 953 954 955 956 957 958 959 960

29,15 27, 5

dist 961

palr

962 963 964 965 966 967 968 969 970

27, 4 27, 3 27, 2 27, 1

dist 971

palr 28, 8

972 973 974 975 976 977 978 979 980

29,14

dist 981

pa_r

982 983 984 985 986 987 988 989

28, 7

990

dist 991

palr

992 993 994 995 996 997 998 999 i000

28, 6

dist i001

pa_r

1002 1003 1004 1005 1006 1007 1008 1009

28, 5 28, 4

1010

dist I011

palr 29,13

1012 1013 1014 1015 1016 1017 1018 1019 1020

28, 3 28, 2 28, 1

dist 1021

palr

1022 1023 1024 1025 1026 1027 1028 1029 1030

dist 1031

pa_r

1032 1033 1034 1035 1036 1037 1038 1039 1040

29,12

dist 1041

palr

1042 1043 1044 1045 1046 1047 1048 1049 1050

dist 1051

palr

1052 1053 1054 1055 1056 1057 1058 1059 1060

dist 1061

palr

1062 1063 1064 1065 1066 1067 1068 1069 1070

29,11

dist 1071

palr

1072 1073 1074 1075 1076 1077 1078 1079 1080

29,10
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dist 1081

pair

1082 1083 1084 1085 1086 1087 1088 1089 1090

dist 1091 1092 1093 1094 1095 1096 1097 1098 1099 Ii00

pair 29, 9

dist ii01

pair

1102 1103 1104 1105 1106 1107 1108 1109 iii0

dist iiii 1112 1113 1114 1115 1116 1117 1118 1119 1120

pair 29, 8

dist 1121 1122 1123 1124 1125 1126 1127 1128 1129 1130

pair 29, 7

dist 1131 1132 1133 1134 1135 1136 1137 1138 1139 1140

pair 29, 6

dist 1141 1142 1143 1144 1145 1146 1147 1148 1149 1150

pair 29, 5

dist 1151 1152 1153 1154 1155 1156 1157 1158

pair 29, 4 29, 3 29, 2 29, 1
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Appendix 3.9-1 Phase Corruption

Phase corruption, if not severe, still allows the use of standard image synthesis

algorithms with limitations in the dynamic range of the resulting image (Ref. 3.9-8). To
avoid this loss of dynamic range, or to overcome severe phase corruption in the received

signal, a "closure phase" analysis is employed. It should be noted, the data and fringe

patterns of the proposed array will include substantial amounts of phase information due

to the accuracy of the metrology and the optical path delay system. Therefore, it should

be possible to employ a uniqueness algorithm to re-construct the image with the partially

incoherent data (Ref. 3.9-9) (Fig. 3.9-14, 3.9-15).

A closure phase is the phase associated with a triangle of array elements within a two

dimensional array system (Fig. 3.9-16). Let R12, R_, Rzl be the fringe phasors on the

baselines 12,23,31, respectively. The closure phase of the array triangle is then defined

to be

P_ = T12 + T_ + Tzl

where T, is the observed or measured fringe phasor on the baseline jk. Letting Cj be the
addition_d phase introduced by the optical path delay errors in the rays reaching the

detector. Then

It is fairly strait forward to show that

P,23 = PHI2 + PH2z + PH31

Since the number of"unique" closure phases in an n-element array is only nc=(n- 1)(n-

2)/2, smaller than the number of baselines nb--n(n- 1)/2, the total number of phases needed

to completely phase an incoherent array could not be previously achieved without baseline

redundancy (Ref. 3.9-8).

A new technique has since been developed by Readhead and Wilkinson to overcome

the need to employ baseline redundancy. The algorithm rests on the assumption of a model

phase distribution. These model phase distribution can easily be supplied by the partially

coherent phase information from the actual interferometer observational data. This

"hybrid mapping" technique supplies n c closure phases from the actual observations and

nb-n c phases are obtained from the model. A new phase model is then obtained from
I(T ,T ), where x,y refer to the x,y pixel locations in the u,v plane R c. and R" refer to the

• . y " jk jk
time averaged fringe visibility at pixel j,k, real and imaginary, respectively.

Note that: I(T ,Ty) = (1/n b) aij(T ,Ty)R_k + hk(T.,Ty)R_k

The previous step is then repeated with nb-n °phases supplied by the current model and is

continued until convergence (Ref. 3.9-8)

As an improvement upon this algorithm, Cornwell and Will_inson (1981) and Schwab

(1980) developed a phase closure algorithm known as Self- Cal, where the Ci's are implicitly

solved, without the arbitrary definition of array element triangles - always a source of
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conceptual dissatisfaction. The condition that the source must be finite in size and positive

throughout provides sufficient data constraints for the implicit calculation of the addi-

tional closure phases (Ref. 3.9-8).
In current interferometers, the low SNR (less than 3.0) of the fringe phasors (caused

by the short coherence time from atmospheric distortion) has caused problems in the

application of the Self-Cal method at optical wavelengths (Ref. 3.9-8). However,

1) the longer coherence time of a lunar interferometer due to the lunar stability
and lack of atmosphere

2) the higher SNR (approx. 5-10) of the proposed interferometer

3) the exploitation of a CLEAN and MEM combination to increase the separated

signal SNR

4) the accuracy of the optical path delay system and the accuracy of the metrology

5) the extreme sensitivity, dynamic range, resolution and accuracy of the chosen

photon detector
6) the fact that the SNR limit for fringe detection is lowered for disturbances with

fewer degrees of freedom than encountered with atmospheric turbulence -- as is

the case for optical path delay errors (Ref. 3.9-10)
7) the partial coherence of the proposed interferometer

8) the beam combination scheme that interferes the 27 light beams at non-

redundant angles, increasing visibility of the fringe phasors

9) the use of pupil plane imaging which increases the visibility of the fringe

phasors (Ref. 3.9-11) (Fig. 3.9-17)

10) and the presence of a guide star for use as a zero phase reference (Ref. 3.9-11)

should allow the implementation of Self-Cal. Additionally, a variant of the basic hybrid

mapping technique (Haniff, 1987, and Nakajima, 1989) (Ref. 3.9-8) or a hybrid speckle

phasing technique (Ref 3.9-12), both proven at optical wavelengths, will be employed as

backup algorithms.
Finally, the array is constructed to allow for the movement of some of the array

elements to create redundant baselines for the more conventional '_ootstrapping" meth-

ods of optical phasing. In fact, some of the new '%ootstrapping" methods do not require

strict baseline redundancy. Thus, the initial array configuration may provide enough

near-redundant baselines to employ conventional phasing algorithms without and physi-

cal rearrangement of the array elements (Ref. 3.9-10). It is important to realize the only

present method of determining the required image reconstruction algorithm is by perform-

ing extensive simulations on multiple data sets (Ref. 3.9-9,3.9-7).
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Appendix Figure 3.9-1-1: (a) Original object; (b) image recon-
structed from Fourier modulus using iterative algorithm; (c)-(f)

four images reconstructed using different starting inputs - these

pictures were intentionally overexposed in order to emphasize the

stripes (Ref. 3.9-9)

Appendix Figure 3.9-1-2: Fourier Modulus Estimates with Noise,

having rms error (a) 0% (b) 2.9%, (c) 32%, (d) 100%. (Ref 3.9-9)
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Appendix Figure 3.9-1-3: Six-element Array Showing Representa-
tive Phase Closure Triangles

Appendix Figure 3.9-1-4: Image Plane vs. Pupil Plane Interferom-
_rv
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Appendix 3.9-2 Cleaning Algorithms

The optical system introduces distortion and noise. One model for the data assumes
that the distortion is linear and the noise is additive and independent of the distorted

object. Therefore, the observed data is a vector D, given by
D=PO + N

where P is the distortion matrix and N is the noise vector.

The basic problem is to observe the data D and infer the unknown object vector O from the
data.

3.9-2.1 Wiener Filter (Fig. 3.9-4)
This can take many forms depending on the assumptions one is willing to make about

the statistical behavior of O, N, and P. In the simplest formulation O is assumed to be

"white", zero mean, and stationary. That is all elements of O are independent, zero mean
random variables with constant variance. Likewise, for the noise. In this case a linear

estimator for O will minimizes the mean square error between O and O'. It is"

O' = (ppT + zI).l D,

where z is a noise-to-signal variance parameter.
Usually, neither the noise nor the signal variance is known so one makes several

tries at a restored image, with several values for z. From experience, we expect that z=l

will do little (beyond phase) restoration of the object; and z=0.00001 will produce a badly

distorted image.

3.9-2.2 Maximum Entropy (Fig. 3.9-4)
One does not necessarily want to drive to zero the mean square error(m), between

data, D, and the fit to the data PO'. It is more desirable to drive m to a level that matches
the noise energy of the data. It is practical to select the O' that has the largest entropy,

where entropy is defined as:

h = - o'k In o'k

The FIER (filtered entropy restoration) algorithm uses an iterative method. O'(K+ 1) is

O'(K+ 1) = WD + sG

where WD is the Wiener filtered image, as described earlier, G is the filtered entropy

gradients, and s is a step size.

3.9-2.3 Clean Algorithm (Fig. 3.9-3)

This algorithm is widely used, in a variety of forms, by astronomers. It is based on the

assumption that the object consists of a multitude of isolated point sources. We adopt a

spatial domain notation to explain how it works.

The object is

o(x) = a k delta(x-x k)
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where a k is the amplitude of a source located at x k. The sources are ordered such that

al>a2>...
The object is distorted by an isoplanic point spread function p(x) so that noiseless data

is

d(x) = p(x) ° o(x),

where "*" denotes convolution. When this data is smoothed by p(-x), the result, g(x),

will be

g(x) = p(-x)*d(x) = akr(x-xk),

where

r(x) = p(-x) * p(x)

r(x) is the autocorrelation function (ACF) of the point spread function. Thus g(x) is a

weighted sum of autocorrelation functions.
If the sources are widely spaced the peak of g(x) will be at x 1, the location of the

brightest source. Thus

g(xl) = peak of g(x) = a_r(0)

and

a_ = g(x_)/r(0)

Then, one can subtract this ACF from g(x) and go on to find the next brightest star.

The technique requires modification when star images overlap. This is a reasonably

straightforward matrix inversion technique which sorts out the confusion. More serious

problems occur when the distortion is not isoplanatic. Then the individual star responses
must be estimated before the subtraction.

NOTE: The Appendix 3.9-2 was copied from Reference 3.94.
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Appendix 3.9-3 Point Spread Function

Optical imaging consists of an effort to combine all spectral radiation of interest

from one object point into one point in the image. The distribution of radiation in the image

of an object point is cal]ed the point spread function (PSF) of the imaging system (Ref. 3.9-

13).

P(r_- P(x,y) = A(x,y) * exp(ik W(x,y))

where: A(x,y) is the amplitude of the field

W(x,y) is the phase disturbance due to optical path delay errors

k is the wave number (2 * _ / _)

r'(x,y) are the pupil co-ordinates centered on the optical axis (Ref. 3.9-14)

The amplitude of the wave arriving at some point in the far-field is given by a 2-D

Fourier transform of the PSF.

U(r)=U(x,y)=l/(i _.z) P(r5 exp (-1 0d2)rr3dr '2

where: r(x,y) are the far-field co-ordinates

z is the propagation distance

In a phased array the pupil function P(r) is best viewed as a sum of N sub-aperture

pupil functions.
The irradiance on target is formed by simply adding the N sub-aperture prop agated

fields and squaring the resulting complex matrix, yielding

I(r) =

where:

uj(r) exp ((ildz) r', r + i (aj)) 2

I(r) is the irradiant intensity at the target plane

u(r) is the diffraction pattern for the jth sub-aperture
a are the sub-aperture piston errors (Ref. 3.9-14).

J
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APPENDIX 6.1-1 Moments of Inertia for the Structure

1. Acceleration:

a = O/t 2 = (_/2 tad) / (5 rain * 60 secJmin) 2

a = 1.745 x 10 _5 racYsec 2

2. Moments of Inertia

ARM MOTOR:

Optical Cylinder (sectioned at cm):

I = [0.5mr 2 + 0.0833ml2] 1 + [0.5mr _ + 0.0833m1212

ml = m 2 = 229 kg

r I = r 2 = 0.8 m I = 886.241 kg-m 2

11 = 0.762 m

12 = 2.988 m

Side Arm: I = mr 2

m=71kg
r = 0.1875 m

I = 2.496 kg-m 2

I = 886.241 + 2.496 = 888.737 kg-m 2

BASE MOTOR:

Optical Cylinder - use same position for worst case

Side Arm: I = 0.5mr 2 + 0.0833mF

m=71kg
r = 0.1875 m I = 1.485 kg-m 2
l=0.2m

Support Cylinder:

m = 142 kg
r = 0.385 m

I =mr 2

I = 21.048 kg-m 2

Counterweight:

m = 451 kg (filled)
1=0.75 m

I = 0.1667m] 2

I = 43.416 kg-m 2

I = [886.241 + (458)(1.385) 2] + [1.485 + (71)(0.485) 2]

+ [43.416 + (451)(2.14) 2]
= 3912.838 kg-m 2
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APPENDIX 6.1-2 Stress Analysis for the Telescope

Buckling Stress = a = 0.4CEt/r

C = constant (from graph of C vs. r/t)

E = Young's Modulus

t = thickness

r = radius

Bending Stress = _ = CbEt/r

C b = constant (from graph of Cb vs. r/t)

Applied Buckling Stress = a = P/A

P = applied load
A = cross-sectional area

Applied Bending Stress = _ = Mr/I

M = applied moment
I = moment of inertia

Beam Theory Solutions

deflection of legs = y = -V/kP * [2 tan (kl]2) - kl]

V = shear load

P = axial load

1 = length of member

k = sqrt (P/EI)

deflection of 2nd mirror support rods = y = -VI3/3EI
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Appendix 6.2 Primary Mirror Calculations

MASS CALCUATIONS:

MIRROR EQUATION:

THEREFORE,

h 2 = 2rz WHERE r = 7.384

h = 3.841614244z °'5 or z = 0.067713976h 2

z (m)

z = 0.067713976 h

I I h (m)

0.125 0.75

FOR THE CURVED PORTION OF THE MIRROR. USE VOLUME OF REVOLUTION:

V = _ [g(y)]2dy

@ h = 0.125m,

@ h = 0.750m,

z = 0.00105803m

z = 0.03808911Im

Vcttrv¢ swept out =

0.0380891115

j'_ [3.841614244 z 0.5] 2dz
0.0010580309

['1 200380891115"]

Vcurve swept out -- 14.758g o:_,o5so3_ j

Vcurve swept out = 0.03360576871 m3

TO ACCOUNT FOR SUPPORT HEIGHT, AND TOP AND BOTrOM MIRROR SUBSTRATE THICKNES

ADD THE FOLLOWING CYLINDRICAL VOLUME:

Vcylindcr = _t (0.752 - 0.1252) (tTOP + tBOTTOM + hSUPPORT - 0.038089111 m)

= 7r(0.752 - 0.1252) (0.02 + 0.02 + 0.16 - 0.038089111)m

= 0.278172379 m 3
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Vtotal = Vcurve swept out + Vcylinder

= 0.033628539 m 3 + 0.2178172376 m 3

= 0.311800915 m 3

mass = Vtoud * p Ze_ur * 0.25*

• 75% OF HONEYCOMB MIRROR IS AIR

mass 0.311800915 m 3 • 2530 kg= -- • 0.25
m 3

mass mirror = 197.214 kg

GRAPH/TE / EPOXY SUPPORT STRUCTURE:

OUTER RIM:

V 7 - x(0.752 - 0.742) • 0.3

INNER SUPPORT RINGS:

VI

V2

V3

V4

V5

V6

= _(0.1252 - 0.1152) * 0.01

= _(0.22922 - 0.21922) • O.01

- a(0.33332 - 0.32332) • 0.01

= z(0.43752 - 0.42752) * 0.01

= z(0.54172 - 0.53172) • 0.01

= a(0.64582 - 0.63582) * 0.01

= 0.014042919m 3 - V_

- 0.000075398 m 3 - V I

= 0.000140869 m 3 = V 2

= 0.000206276 m 3 = V 3

-- 0.000271747 m 3 = V 4

= 0.000337218 m 3 -- V 5

-- 0.000402626 m 3 = V 6

RING MASS = P or/Ep * (VI +V2 + V3 + V4 + V5 + V6 + V_)

= 1.49 x 103 kg
--_ * (0.015477053 m 3) -- 23.06 kg
m
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SUPPORTS FOR SUPPORT RINGS:

Vring = 7re (0.4 m) • (0.43752m- 0.43552m)

= 0.002194088 m 3

AVERAGE VALUES

Vtota 1 = 6 • Vfing = 6(0.002194088 m 3) = 0.013164529 m 3

mass - p • V = 1.49 x 103 kg

= 19.62 kg

• 0.013164529 m 3

mass u,t_ - mmimn+ n_utn,onanp+

- 197.214 kg + 23.06 kg + 19.62 kg

-- 239.89 kg

LOLA- VT Space Design Page 186



DEFORMATION CALCULATIONS:

EQUATIONS TAKEN FROM ROARK AND YOUNG'S FORMULAS FOR STRESS AND STRAIN

I._
a - 0.75 m
b-0.125 m

I

B

•-qa 4 (C2L17 )DEFLECTION = Yb = -'D-_ C'88 Ell

WHERE D =
Et 3

12(1- v 2)
t = MIRROR THICKNESS

Cs = 1 + v + (1- v)

L_ - 1{1+ 4(_-q] 2- 5(_2f - 4(-_)212 + (_-q)2Jlnr_}
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Appendix 7.1-1 Radiative Heat Transfer - Surface to Telescope

Estimations for Radiative Heat Transfer from the Lunar Surface to the Telescope

Structure

A_ Effective Surface Area for Radiative Heat Transfer

Large Lunar Telescope approximate height = 20 m
Radius of surface area where 98 percent

of radiative heat transfer occurs = 100 m

LOLA telescope height = 6 m
Radius surface area where 98 percent

of radiative heat transfer occurs = 'x'

Apply similar triangle ratios: x]100 = 6/20

solution: x = 30 m

B. Effect of surface shield calculations:

Over the 30 m radius, the intensity of the energy radiated from the regolith decreases
as 1/r 2. The surface shield has inner and outer radii of 1 m and 7 m, respectively. Based

on these factors, the surface shield, along with the laser metrology plates at the base of each

telescope, block approximately 41 percent of the radiated energy which would reach a

telescope which did not have any surface shielding. From this analysis, a shield factor (SF)

is defined as the fraction of the energy which is not blocked by the surface shielding. For

the thermal shield used here, SF is 0.59.

LOLA - VT Space Design Page 188



Appendix 7.1-2 Thermal Analysis of Telescope, Delay Mirrors

A. Notation
LS - lunar surface

TS -

FS -

eps -
abs -

SB -

Q -
T -

A -

time -
tad -

SF -

telescope structure

free space

emissivity

absorptivity
Stefan-Boltzmann constant

heat transfer

temperature
area

time as measured in Earth days

radiativeheat transfer

shieldfactor(seeAppendix 7.1-1)

B. Heat balance equation for telescope structure

For the range of temperatures on the lunar surface, heat conduction from the lunar
regolith to the aluminum footpads for the telescope legs is several orders of magnitude
lower than the radiative heat transfer between the surface and the telescope. For this

reason, conductive heat transfer in not included in the heat balance equation.

Heat balance equation:

SF * (Q(rad-LS) * abs(TS) ) = eps(TS) * Q(rad-FS)

where,

Q(rad-LS) =

Q(rad-TS) =

T(LS) =

T(FS) =

eps(TS) =

abs(TS) =

eps(LS) =
FS =

eps(LS) * SB * A * (T(LS) 4- T(TS)' )

eps(TS) * SB * A * ( T(TS)' - T(FS) 4 )
60 * exp(-time) + 90 (in Kelvin)

3 (in Kelvin)

0.64

0.125

0.95

1.0 for no shield, 0.59 with shield

The above equation determines an equilibrium temperature for the telescope. At the

start of the lunar night, this equation predicts a telescope temperature of approximately

90 K. However, the protected telescope is heated somewhat during the lunar day. This

produces a telescope structure temperature of approximately 120 K when the protective

dome over the telescope is lowered at the start of the lunar night. To model this

temperature difference, the following equation is employed:

T(TS-final) = (120- T(TS@time=0)) * exp(-time) + T(TS)

This equation is plotted in Figure 7.2-2 for the telescope with and without a surface

shield.
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C. Long delay mirror temperature calculations

For the analysis of the long delay mirror temperature, the same procedure and

equations are used as described above. However, the thermal coefficients for the mirror
are as follows:

eps(TS) = 0.79

abs(TS) = 0.077

The results of these calculations for the mirror, both with and without a surface shield,

are plotted in Figure 7.2-3.
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